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ABSTRACT

Bubble/slurry bubble columns have been widely studied and employed as
multiphase flow reactors with and without vertical heat-exchanging tubes. In order to
understand more deeply the effect of the dense internals on the hydrodynamics of
bubble/slurry bubble column, systematic experiments were performed to visualize and
quantify using the radioactive particle tracking (RPT) technique. A new methodology for
implementing the radioactive particle tracking (RPT) technique has been developed to
investigate the effect of the dense internals on the hydrodynamics of the bubble/slurry
column reactor. Monte Carlo N-Particle (MCNP) simulation has been implemented to
simulate the system to generate a large number of calibration points to reconstruct the
instantaneous positions of the radioactive particle using the similarity algorithm. The
reliable data can help evaluate and validate the computational fluid dynamics (CFD)
models to predict the hydrodynamic parameters involved in bubble/slurry bubble column
reactors. Moreover, a new hybrid measurement technique was developed and employed to
study line-averaged three-phase holdup distribution in a Slurry Bubble Column Reactor
(SBCR) using gamma-ray densitometry (GRD) and point optical fiber probe (OFP)
techniques. The obtained results indicated that increasing the solids loading increased the
solid holdup and decreased the liquid holdup.
However, the gamma-ray computed tomography (γ-CT) technique has been
employed to investigate the aggregate distribution/dispersion in self-consolidating concrete
(SCC) as advanced sustainable construction materials and to evaluate the gamma-ray
shielding properties of concrete in nuclear applications.
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1. INTRODUCTION

1.1. BUBBLE/SLURRY BUBBLE COLUMN REACTORS
The fast growth of the population forces the society to establish innovative supplies
of fuel, energy, chemical, and biochemical materials, etc. Non-renewable energy, such as
crude oil, coal, and minerals, are still in high demand to cover the needs of the economy.
Consequently, in order to improve sustainability, it is imperative to pursue clean alternative
energy sources to produce more environmentally friendly products. Fischer-Tropsch (FT)
synthesis is one of the most promising alternative fuel and precursor processes. It is
classified as a catalytic reactor that produces syngas from coal, natural gas, and converts
biomass into hydrocarbons [1,2]. Different types of reactors are being utilized for FT
processes, such as fluidized bed, fixed bed, and bubble/slurry bubble column, as shown in
Figure 1.1 [2]. These reactors have been classified based on the application as well as the
operating conditions. The fluidized bed and the fixed bed reactors are mainly used for high
temperature Fischer-Tropsch processes (HTFT) with the range of 320-350 °C [2,3]. While
slurry bubble column reactors (SBCR) are usually utilized in the low temperature FischerTropsch processes (LTFT) between 180-260 °C [2].
As one of the most commonly used multiphase flow reactors, bubble/slurry bubble
column reactors have many advantages not limited to the following [4,5]:
•

The reactor temperature is uniform, and the heat transfer and mass transfer
characteristics are high because of phase interaction and intense mixing.

•

The overall activity of the fine catalyst can be maintained during the operating.
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•

These reactors handle the high operating conditions (temperature and pressure)
with complete control using a bundle of cooling tubes as a heat exchanger.

•

SBCR have low-cost maintenance and operating compared to other reactors due to
the absence of the moving parts.

Figure 1.1. Selected commercial Fischer-Tropsch synthesis reactors [5].

The catalyst particles can be removed and added to the SBCR continuously as an
online process without reactor shutdown. The design of the SBCR consists of a cylindrical
vessel where the gas phase is injected into the liquid/solid (slurry) phase through a
distributor at the bottom of the column, leading to the turbulent flow, which maximizes the
utilization of catalysts, therefore enhancing the reaction performance [6]. There are
different operating conditions of the SBCR depending on the applications, as shown in
Figure 1.2, which can be defined as the following [7,8]:

3
•

The homogenous regime at low superficial gas velocities is also known as the
bubble flow regime when the bubbles are small in size, spherical in shape, and rise
in the vertical direction.

•

The transition regime: when the gas velocities increase compared to the bubble flow
regime causes less stability in bubble behavior, and the bubble characterizes.

•

The heterogeneous regime at usually high superficial gas velocities is also defined
as a churn turbulent regime due to the gas velocities that generate a parabolic radial
profile, including the large bubbles.

•

The slug flow regime can be defined when the gas phase has very high superficial
velocities in a small diameter of the reactors. Then, the bubble coalescence to be
very large diameter slugs in the column.

Figure 1.2. Classification of the SBCR regimes: a- homogeneous, b- transition, cheterogeneous, d- slug flow.
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In any of these operation regimes, the momentum is transferred from the fast phase
(gas phase, upward direction) to the slower phase (slurry phase, liquid-solid), which
enhances the phase contacting without the need for mechanical stirrer equipment [9].
In addition to all the advantages mentioned above, SBCR also has some drawbacks
that need to be taken into consideration during the design, scale-up, and operation
procedures. For example, the significant back mixing at high superficial gas velocities and
large liquid holdup lead to substantial side products. Moreover, there are some other
difficulties related to scale-up, catalyst recovery, and regeneration. Typical processes, such
as the F-T synthesis reactors, acetic acid, benzoic acid, and many other processes, are listed
in Table 1.1.

Table 1.1. Selected examples of the industrial process that used SBCR for the exothermic
reaction [4,10].
Industrial process

The heat of reaction (kJ.mol-1)

Acetic Acid

- 1270

Benzoic Acid

- 628

Cyclohexanol

- 294

Acetic Acid

- 294

Acetone

-255

Vinyl Acetate

- 176

Usually, these processes generate a large amount of heat transferring to the system
that may cause the catalyst deactivation and consequently affect the reaction selectivity,
yields, etc. Therefore, in industries, a bundle of heat exchangers to remove the heat from
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the bubble/slurry bubble column reactors are always installed in the column. The heat
exchanger bundles’ type, size, and locations are determined based on the industrial process.
These dense heat exchanger bundles always impact the hydrodynamics parameters, such
as the phase holdups, turbulent parameters, and the heat and mass transfer rates inside
SBCR [1]. Therefore, it is extremely difficult to investigate such reactors with dense heat
exchange bundles. Scale-up and design of these reactors with dense internals turn out to be
quite challenging.
In the past, many researchers investigated the hydrodynamics of the SBCR using
different measurement techniques, such as optical fiber probes [6,11,12], dual-tip voidage
probe [13], gamma-ray computed tomography (CT) [14–16], electrical capacitance
tomography [17], etc. The optical fiber probe techniques are used to investigate the gas
phase hydrodynamic properties, such as local gas holdup at different axial/radial positions,
bubble chord length, bubble rise velocity, and bubble frequency [18,19]. Xue et al. [19]
studied the bubble column reactor's bubble properties using the 4-tip optical fiber probe
technique. Both upflow and downflow bubble properties were studied in this study, such
as gas holdup and bubble chord length. Also, a correlation between superficial gas
velocities and bubble properties was proposed in the bubble column without internals. Wu
et al. [20] investigated the effect of the solid concentration on the bubble properties in
bubble/slurry bubble column reactor without internals using the 4-tip optical fiber probe
measurement technique. The experiments were performed using the fine glass beads as the
solid phase at 0, 9.1, and 25 % solids loading. The results showed that the local gas holdup
decreased by increasing the solids concentration, and so did the specific interfacial area
and the bubble frequency.
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Some authors also investigated some effects of the internal rods in the bubble/slurry
bubble column reactors [21], [22] [5], using the optical fiber probe technique. However,
these studies only reported the effect of the different sizes, shapes, and configurations of
the vertical internals on the hydrodynamics of the gas phase.
However, very few works were reported to investigate the solid phase. Among
these works, two different approaches were applied to measure the hydrodynamics of the
solid phase [9,23]. The first is called the two-phase approach by considering the slurry
phase (liquid-solid) as a lumped single-phase with a homogenous solid phase distribution.
The gas phase is treated as the second phase. This approach was only applicable when the
particles have a Reynolds number of less than 0.3, as Lakhdissi et al. [14] reported. The
second approach considers that the system has three phases, gas, liquid, and solid phase.
This three-phase distinction in slurry bubble column reactors is needed when the superficial
gas velocity is high. In other words, the Reynolds number is larger than 0.3, and the particle
size is greater than 150 µm, as pointed by Sines et al. [17]. Hence, it is essential to use the
second approach to understand the hydrodynamic of the solid particle in the slurry bubble
column and quantify the solid distribution during the operation. Mokhtari and Chaouki [6]
studied the solid phase holdup in the slurry bubble column using the single optical fiber
probes technique integrated with a pressure transducer. They obtained the three phase
holdups based on the pre-calibrated signal of the optical probe in the slurry phase (liquidsolid) with two solid loadings 1% and 3% by volume. The calibration curve of the probe
at low solids loading in the stirred tank showed that the voltage as output from the optical
probe were constant at high impeller speed. However, the high solids concentration lead to
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ununiform solid phase distribution along the reactor height, and this approach cannot be
applied anymore [24].
The advanced gamma-ray computed tomography (γ-CT) has been utilized to
identify the overall gas holdup in the bubble/slurry column with and without internals.
Shaikh and Al-Dahhan [25] evaluated the flow regime characterization in the bubble
column without internals at two different pressures (0.4 and 1 MPa) using the γ-CT
technique. They reported that increasing the pressure in the bubble column reactor
increased the local gas holdup and delayed the transition in the flow regime. Al Mesfer et
al. [26] investigated the effect of the dense internals that covered 25% of the cross-sectional
area of the bubble column using the γ-CT technique. The reported results showed that the
presence of the dense internal rods increased the overall gas holdup as well as the local gas
holdup. However, Sultan et al. [14] reported some pitfalls of using the γ-CT technique to
investigate the bubble column with dense vertical internals, where the algorithm to
reconstruct the image and gas holdup was not properly applied, therefore less accurate
results. Besides, for three phase systems, single-source CT is not enough to capture the
information of all three phases. It requires at least two gamma sources in order to obtain
comprehensive results.
Radioactive Particle Tracking (RPT) is a non-invasive technique developed to
evaluate the local flow characterizations in multiphase reactors regardless of the operating
conditions. RPT technique was successfully used to investigate and quantify the flow
patterns and hydrodynamic parameters in the bubble/slurry bubble column reactors without
dense internals [9,27,28]. Thus, few authors have attempted to address the presence of
dense internals in bubble/slurry bubble columns using the RPT technique.
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Dinesh et al. [29] investigated the liquid hydrodynamics of the bubble column using
the RPT technique were performed with internals up to ~13 % of its cross-sectional area
using only five internals. However, the authors reported that it was not easy to implement
the RPT technique with vertical internals due to practical limitations. Al Mesfer et al. [30]
obtained the liquid velocities profiles and the turbulent parameters of bubble columns with
and without dense internals using the RPT technique at three different superficial gas
velocities 0.08, 0.2, and 0.4 m/s. The dense internals bundle was used to cover ~25% of
the total cross-sectional area of the column using hexagonal pitch support. However, Al
Mesfer et al. [30] work is questionable in terms of implementing the RPT in the bubble
column with dense internals for different reasons. The calibration points were not defined
properly in the presence of the internals during the measurements due to the slight distances
between the internals. The calibration dataset is critical for reconstructing the positions of
radioactive particles during operations. As a result, data processing was insecure and
required validation. Also, the results of liquid velocities were defined using an azimuthally
averaged value without internals extraction, which may be unreliable for CFD validation.
As a conclusion from the above, more understanding of the effects of internals on
solid phase needs to be disclosed in the SBCR. The experimental investigation on the solid
phase in the SBCR with/without internals was conducted using the non-invasive
measurement techniques as compensation for the lack of knowledge in this field.
Therefore, some sophisticated techniques are necessary to do such investigations. In our
laboratory, various types of multiphase systems and techniques have been developed.
These non-invasive techniques can be classified into two categories: radioisotope
techniques and non-radioisotope techniques. The radioisotope techniques include
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advanced gamma-ray computed tomography (CT) [16,31], radioactive particle tracking
(RPT) [9,26], and gamma-ray densitometry (GRD) [32], that can be used to provide phase
distribution, 3D flow field velocity, and turbulent parameters and the flow pattern
identification measurements. The non-radioisotope techniques include advanced 4-tip
optical fiber probe (4- OFP) for bubble dynamics such as (local gas holdup, bubble pass
frequency, bubble chord length, etc.) [7]. Therefore, with the advantage of these
techniques, the slurry bubble column reactors are investigated using hybrid modularity
techniques to identify the overall and local phase holdups to develop a scale-up
methodology.
A new methodology for implementing the radioactive particle tracking (RPT)
technique has been developed to investigate the effect of the dense internals on the
hydrodynamics of the bubble/slurry bubble column reactors. Monte Carlo N-Particle
(MCNP) simulation has been implemented to simulate the system to generate a large
number of calibration points to reconstruct the instantaneous positions of the radioactive.
Therefore, an imperative fundamental understanding of flow behaviors and hydrodynamics
of SBCR is necessary in order to (i) obtain benchmark data for validating computational
fluid dynamics (CFD) simulation; and (ii) to enhance the understanding of the effect of the
dense internals on the design, and scale-up of such reactors. Therefore, the focus of this
study is to investigate and quantify, for the first time, the effects of the dense vertical
internals on the liquid/solid velocity field and turbulence parameter profiles, such as normal
stress, share stress, and turbulent kinetic energy in SBCR.
As already mentioned earlier, there is a need to have more information on the effect
of the solid phase concentration and the superficial gas velocity on the hydrodynamic of
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the bubble/slurry bubble column reactors with and without dense internals. Therefore, the
main objective of this study is to deliver benchmarking data of the local and line average
three phase holdups distribution for scale-up design. For this, gamma-ray densitometry
(GRD) as radioisotope technique and the optical fiber probes as non-radioisotope technique
were employed simultaneously as a hybrid modality system to provide line-averaged solid
phase holdup.

1.2. PHASE DISTRIBUTION OF SUSTAINABLE ADVANCED
CONSTRUCTION MATERIALS
The choice of building materials has far-reaching economic, ecological, and social
consequences for each building. The total cost of most structures is highly dependent on
the materials used. Therefore, the construction materials and methods used in building
structures have a great effect on sustainable development issues in the construction
discipline [33,34]. Moreover, concrete which contains cement, aggregate, and water, is
widely used in nuclear-containing infrastructures, such as nuclear power stations, nuclear
research reactors, particle accelerators, and medical hospitals. The type and quantity of
aggregates in the concrete are essential for radiation protection properties (i.e., shielding
properties) of nuclear-containing facilities [35,36]. Also, the rheology of suspending
mortars significantly influences the distribution of aggregate [37], which can influence the
shielding properties. Limited studies have been conducted to investigate the effect of
rheological properties of SCC and applied pressure during the casting process (e.g.,
pumping and other types of casting) on the degree of non-uniformity of aggregates, which
are keys to a reliable structural design and shielding properties [38,39].
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1.2.1. Aggregate Distribution and Shielding Properties. Due to different types
of casting processes, which may apply different pressure on self-consolidating concrete
(SCC) during casting, the varied flow of concrete mixtures can significantly affect the
distribution and segregation of aggregate. Rheological characteristics of concrete (e.g.,
viscosity and yield stress) can cause segregation that influences the radiation shielding
performance of concrete. When the rheological properties of the concrete are not properly
controlled, segregation of coarse aggregate can occur given the large density of segregate
to the suspending matrix causing bleeding of water and formation of highly porous
microstructure. Such a phenomenon can ultimately reduce the effectiveness of the
structural skeleton of concrete (e.g., aggregate and bulk cement matrix) in providing an
effective radiation shielding interface that is gained by an even distribution of atomic mass
in the concrete components. The severity of the negative effect of segregation in shielding
concrete with extremely high-density aggregate (e.g., bauxite aggregate) was reported in
the literature [40]. Therefore, it is important to adapt and control the rheology of concrete
for radiation shielding purposes. Optimized mixture designs and aggregate gradation [41],
use of chemical admixtures [41,42], and shear rate values [43] have been used to optimize
the rheology of concrete composites for shielding properties. Also, simple and easy testing
procedures (e.g., slump test), as well as more complicated equipment (e.g., rheometers),
have been employed to assess the rheology of concrete at the fresh state to secure the
optimum shielding performance [39,44]. However, there is a big challenge to apply nondestructive testing (NDT) techniques to in-situ monitor the even distribution of aggregates
and other solid components of concrete that can affect the shielding performance of
concrete members, especially those prepared with heavy aggregates and reinforcing steel

12
bars. The NDT techniques can be used to monitor concrete defects, such as cracking,
inhomogeneous aggregate distribution, corrosion of the reinforced bars, and fire damage
of concrete members.
The gamma-ray computed tomography (γ-CT) technique has been utilized to
provide different important parameters in industrial applications, such as multiphase
chemical and biochemical reactors. It can measure the time-averaged cross-sectional phase
distribution along the height of reactors. Moreover, the results can be processed to calculate
the radial and diameter profiles of the phases of the multiphase reactors during different
operating conditions. Owing to the high energy of the gamma-ray photons (greater than
100 KeV), it can penetrate relatively dense materials and large thicknesses. Therefore, the
gamma-ray technique can be used to identify concrete structures such as the location of
aggregates and reinforced bars in relatively large concrete specimens [45]. Thus, the
capabilities of gamma-ray can make the γ-CT technique a potentially in-situ tool for the
assessment of concrete quality and its effect on radiation shielding properties [39,46,47].
Furthermore, The image reconstruction process for concrete samples requires a
long scan duration with less resolution than the X-ray CT technique [48] unless high energy
radioisotopes and small detectors collimators are used to enhance special resolution.
Moreover, when the density of mortar and heavy aggregates are relatively close, it becomes
difficult to distinguish between them using this technique. This study proposes using our
advanced gamma-ray computed tomography (γ-CT) to investigate the aggregate
distribution in concrete specimens. The gamma-ray consists of high-energy waves that can
penetrate relatively dense materials, such as concrete [49]. It can facilitate the practical use
of image reconstruction to identify and quantify coarse aggregate distribution.
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1.2.2. Motivations and Objectives. Concrete can be classified as one of the dense
materials that can be used as shielding for different types of radiation. Therefore, it is a big
challenge to apply the non-distractive test techniques on the large concrete samples [50],
especially when heavy materials are added, such as heavy aggregate. Therefore, the main
objective of this research study is to identify the aggregate distribution across the diameter
of the concrete samples and determine the aggregate segregation along the diameter. The
findings can be transformed to real-world and practices by using the gamma-ray
densitometry (GRD) technique to be applied on-site by having a single collimated gammaray source that gives a fine single beam of gamma-ray and a NaI detector in front of it
(collimated or not collimated) to measure the line beam attenuation [51].
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ABSTRACT

A new methodology for implementing the radioactive particle tracking (RPT)
technique has been developed to investigate the effect of the dense internals on the
hydrodynamics of the bubble column. Monte Carlo N-Particle (MCNP) simulation has
been implemented to simulate the system to generate a large number of calibration points
to reconstruct the instantaneous positions of the radioactive particle using the similarity
algorithm. Measurements were conducted in a 6-inch (15.24 cm) Plexiglas column
equipped with an air-water bubble column at a superficial gas velocity of 40 cm/s. The
result shows that the internals increased the liquid velocity near the center of the column
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by more than 30 %. In addition, the turbulence parameters decreased noticeably by using
the vertical internals in the bubble column due to the mitigation of the velocity fluctuations
and the liquid phase circulation. The reliable data can help evaluate and validate the
computational fluid dynamics (CFD) models to predict the hydrodynamic parameters
involved in bubble/slurry bubble column reactors.
Highlights:
-

The MCNP simulation was utilized to perform the calibration procedure with
experimental validation for the RPT technique.

-

The similarity algorithm successfully predicted the instantaneous positions of the
radioactive particle in the bubble column with/without internals.

-

3-D liquid velocity and turbulence parameters of the bubble column with and
without dense internals were determined.

Keywords: Bubble column reactor, Co-60, Similarity, Monte Carlo N-Particle (MCNP)

1. INTRODUCTION

Bubble/slurry bubble columns have been widely studied and employed as
multiphase flow reactors. They are a wide range of applications in chemical, biochemical,
petrochemical, pharmaceutical, and metallurgical industries with claimed benefits of their
simple construction, simple operation, and efficient liquid-phase mixing [1–3]. Some of
the important hydrodynamics characterizations of these bubble/slurry bubble columns are
gas/liquid holdup measurements [4,5], axial and radial liquid velocity profiles [6–8], and
liquid phase mixing [9]. Some chemical reactions that occur in bubble/slurry bubble
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columns are very exothermic, such as the acetic acid industry, acetone production, FischerTropsch (FT) synthesis, and many others. These reactions necessitate a large number of
vertical cooling tubes inside the reactors to absorb extra heat and keep the temperature at
the proper level for the reaction. Also, heat exchange internals are needed to prevent the
catalyst’s local overheating and decrease selectivity for desired products [2,10–12]. The
presence of a bundle of heat-exchanging tubes in these reactors will affect the
hydrodynamics and, as a result, the performance and productivity of these reactors [13,14].
The hydrodynamics of bubble/slurry bubble columns without internals have been
extensively studied over the past few decades [15–23]. However, few studies have
examined the effect of the dense internals on the hydrodynamics of the bubble/slurry
bubble columns [2,13,24–26]. Some of the experimental studies were conducted in the
presence of dense internals using optical fiber probe measurement techniques [13,24,26].
This technique can be used to provide limited local measurements of the hydrodynamic in
the bubble column due to the configuration of the internals. On the other hand, gamma-ray
computed tomography has been used to study the effect of the dense internals on the gas
holdup in the bubble column at one level in the fully developed regime (H/D =5.1) [27,28].
Therefore, these studies with the internals are limited in particular 3-D liquid velocities and
turbulent parameters, which is important for solid validation for the CFD models.
Radioactive Particle Tracking (RPT) is a non-invasive technique developed to
evaluate the local flow characterizations in multiphase reactors regardless of the operating
conditions. RPT technique was successfully used to investigate and quantify the flow
patterns and hydrodynamic parameters in the bubble/slurry bubble column reactors without
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dense internals [16,29,30]. Thus, few authors have attempted to address the presence of
dense internals in bubble/slurry bubble columns using the RPT technique.
Dinesh et al. [31] investigated the liquid hydrodynamics of the bubble column
using the RPT technique were performed with internals up to ~13 % of its cross-sectional
area using only five internals. However, the authors reported that it was not easy to
implement the RPT technique with vertical internals due to practical limitations.
Al Mesfer et al. [2] obtained the liquid velocities profiles and the turbulent
parameters of bubble columns with and without dense internals using the RPT technique
at three different superficial gas velocities 0.08, 0.2, and 0.45 m/s. The dense internals
bundle was used to cover ~25% of the total cross-sectional area of the column using
hexagonal pitch support. However, Al Mesfer et al. [2] work is questionable in terms of
implementing the RPT in the bubble column with dense internals for the following reasons:
1. The calibration points were not defined properly in the presence of the internals
during the measurements due to the slight distances between the internals.
2. The calibration dataset is critical for reconstructing the positions of radioactive
particles during operations. As a result, data processing was insecure and required
validation.
3. The results of liquid velocities were defined using an azimuthally averaged value
without internals extraction, which may be unreliable for CFD validation.
Therefore, it is the first time to implement a new intellectual method to study the
effect of the dense internals on the 3-D liquid velocities and the turbulence parameters in
the bubble column and provide reliable benchmarking data for CFD validation. This work
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focuses on correcting and addressing these shortcomings by Al Mesfer et al. [2] work as
follows points, and more details will be discussed later in the manuscript.
1. Using the Monte Carlo N-Particle (MCNP) simulation to generate a supplementary
calibration dataset in the bubble column with and without dense internals due to the
difficulties of executing experimentally.
2. Validating the similarity algorithm to identify the radioactive particle positions
inside the bubble column with and without internals by reconstructing known
positions of the radioactive particle, as it is discussed in the validation section.
3. Extracting the dense internals from the values of the azimuthally averaged the
liquid field velocities in the bubble column with dense internals as well as providing
more results that can be more reliable for validating the CFD models.
Therefore, one superficial gas velocity (40 cm/s) based on the free area in the
turbulent churn regime is used with and without internals to demonstrate this newly
implemented technique and provide a reliable dataset. The results could be qualitatively
the same as Al Mesfer et al. [2] outcomes, but it is more quantitatively.

2. EXPERIMENTAL SETUP

This study carried out the experimental works in a Plexiglas column with a 6 in
(15.24 cm) diameter and 6 ft (183 cm) in height, as shown in Figure 1. The bubble column
reactor was operated at ambient conditions using an air-water system. The air as gas phase
was introduced to the bottom of the column flowing through the aluminum plenum with a
perforated plate which is 8 in (20 cm) in diameter under the column [25,28]. The perforated
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plate had 121 holes (0.132 cm in diameter of each hole) arranged in a triangular pitch to
provide uniform gas distribution with an open area of 1.09% [24,28]. The vertical Plexiglas
rods 0.5 in (1.27 cm) in diameter were used to cover ~25 % of the total cross-sectional area
of the bubble column to represent the effect of the heat-exchanging tube in the industrial
Fisher-Tropsch synthesis [11,32,33]. Therefore, there were 32 internal rods arranged in a
square pitch (2 cm from center to center of each rod), as shown in Figure 2-a. These internal
tubes were positioned and secured vertically at 5 in (12.7 cm) above the gas distributor.
This design was performed to be more azimuthally symmetric, which can help quantify the
liquid velocities radial profile [34]. This work operated the bubble column at superficial
gas velocities of 40 cm/s at ambient conditions to obtain the churn turbulent regime by
demonstrating this newly implemented technique in the bubble column and providing a
reliable dataset. The compressed air was injected into the column in continuous mode while
the water was in batch mode. The averaged dynamic level was kept constant at 155 cm
(H/D = 11) above the gas distributor plate.

3. IMPLEMENTATION OF RPT IN DENSE INTERNALS

3.1. RADIOACTIVE PARTICLE TRACKING (RPT) TECHNIQUE
RPT is a non-invasive radioisotope technique that can be used to measure and
visualize 3-D flow velocities and turbulence parameters in various multiphase flow
systems. This technique consists of 28 high-resolution (2x2 inch) NaI(Tl) detectors located
strategically around the bubble column. The detectors were fixed on aluminum structures
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and arranged by seven different levels, with four detectors at each level to cover most of
the column height, as shown in Figure 3.

a-

b-

Figure 1. Schematic diagram of the used bubble column, a- without internal rods, b-with
the presence of internals.

a-

b-

Figure 2. Schematic diagrams, a- the square pitch configuration, of internals and the
calibration measurement positions, b- calibration positions that distributed in the bubble
column without internals.
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Also, the detectors were fixed around the bubble column as a circle with a radius
of 12.7 cm. The NaI(Tl) detectors were connected to a high-performance data acquisition
system that captures the gamma-ray photon counts with frequency up to 500 Hz. The tracer
particle for the RPT experiment was made with the same liquid phase density (water). Co60 of high-energy peaks of 1.18 MeV and 1.34 MeV (initial activity ~ 18.5 MBq (500 µci
(microcurie)) with 0.6 mm diameter was used as a radioactive particle. It was encapsulated
using Polypropylene-N with a final diameter of 2 mm [35].
A fully automatic calibration system was used to locate the radioisotope particle at
different coordinates (r, θ, z) inside the column by fixing the tracer particle at the end of
the rod. The main purpose of this unit is to generate a dataset of the calibration points
during operating conditions. These calibration points are used to identify the instantaneous
positions of the radioactive particle in the column by using different algorithms, such as
Weighted Least Square Regression [36], similarity algorithm [37], Monte Carlo [38], and
Cross-Correlation Based [39] methods, and others.
In this experimental work, the calibration dataset was over 4000 data points for the
bubble column without internals. These points were distributed to cover most of the column
height and by uniformly locating the radioactive particle at different radiuses and heights,
including the center of the column, as shown in Figure 2-b. However, there were around
2000 data points for the column with internals due to the limitation of inserting the
calibration rod between the internals, as shown in Figure 2-a. Therefore, the Monte Carlo
simulation using Monte Carlo N-Particle (MCNP) tool has been introduced to generate
more calibration points to enhance the accuracy of reconstructing the radioactive particle
trajectory, as it is discussed in the following section.
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Since the composite radioactive particle (Co-60) density is the same density as the
liquid phase (water), it can float freely inside the bubble column during the experiments.
As a result, the data acquisition system will collect the gamma-ray photons related to the
movement and position of the radioactive particle. The acquisition frequency was 20 Hz
for 20 hours to allow the particle to have enough time to visit each fictitious compartment
many times to obtain a plateau in the ensembled averaged velocity in each compartment,
thereby providing a reasonable statistical representation. The bubble column was divided
into 3640 volume friction equal compartments (52 total compartments each cross-section
and 70 the number of the divisions in the axial direction) during the reconstruction of the
tracer positions.

Figure 3. Schematic diagram of the NaI(Tl) positions of the RPT technique located
around the bubble column.
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3.2. MONTE CARLO SIMULATION
As mentioned previously, the number of calibration points affects the accuracy of
the source position estimation when the similarity reconstruction algorithm is used. In
bubble/slurry bubble columns with dense internals, generating enough calibration data
points is very complex due to the clearance limitation between the vertical internals,
leading to a lack of accuracy in tracking the radiation position using the RPT technique.
One way to overcome this issue is to use the Monte Carlo simulation to produce more
calibration data points. The Monte Carlo method is a simulation technique that is widely
used in the field of radiation transport. Monte Carlo N-Particle (MCNP) is a generalpurpose Monte Carlo radiation transport code that was developed to track various types of
particles (neutrons, electrons, and gamma-rays) over a broad energy range. The code solves
the problem by simulating individual particle trajectories and capturing certain
characteristics of their average behavior. The procedure entails tracking each of the
numerous particles from when they are emitted from a source until they reach the energy
threshold. Absorption, escape, physical cut-off, and other processes contribute to the
transfer of radiation energy to matter. To determine the outcome at each trajectory step, the
probability of distributions is randomly sampled using transport data. The relevant
quantities are totaled along with estimates of the results’ statistical precision. The MCNP
code can be used to simulate gamma-ray interactions, including (i) incoherent and coherent
scattering; and (ii) the possibility of fluorescent emission following photoelectric
absorption [40].
When simulating NaI(Tl) detectors mathematically in order to obtain their response
curves, some corrections should be made to improve the simulation and bring it closer to
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reality. Two critical corrections are required: the determination of the photon detection
efficiency and the energy resolution, which is related to the ability to distinguish different
peaks in the energy spectrum that are very close to one another. Their determination is
critical when performing radionuclide identification or simulating detectors that are close
to the real thing [41,42].
In practice, as shown in Equation (1) of the detector, the energy resolution (RE) is
defined as the full width at half maximum (FWHM) of the Gaussian peak (pulses per
channel) for given energy (E0) [40].

RE =

FWHM
E0

(1)

where RE indicates the energy resolution, FWHM represents the photopeak’s full width at
half maximum, and E0 is the photopeak's central energy.
Certain photopeak effects are inherent to the spectrometric system’s electronic
circuit, which the MCNP does not stimulate. Thus, in order to obtain a more realistic
detector response and to account for this effect in the simulation, it is necessary to adjust
the detector energy resolution parameters experimentally and then use an MCNP code
function to fit Gaussian to the spectrum, obtaining the necessary corrections as discussed
in the validation section [43].
To incorporate the resolution of the real detector, as measured experimentally, the
MCNP fitting technique incorporates the (ft8 geb) card into the code’s input file. The total
energy is widened by sampling from Gaussian, as shown in equation (2) [40].

 2 ln 2 ( E − E0 ) 
f ( E ) = C exp − 



FWHM



(2)
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where E indicates the photopeak energy, E0 represents the unbroadened energy of the tally,
and C indicates the normalization constant.
The Gaussian Energy Broadening (GEB) command, which is used as input to the
MCNP code function, can be used to determine the simulated detector’s energy resolution.
This command applies a special treatment to tallies in order to more accurately simulate
the operation of a physical radiation detector. To this end, a non-linear least-squares
adjustment is used to determine the values of the a, b, and c coefficients from equation (3)
[41]. These parameters are used in conjunction with the GEB command.

FWHM = a + b E + cE 2

(3)

where E is the incident gamma ray’s energy (MeV), this equation. (3) can be simplified by
substituting equation (4) [40].
FWHM = a + b E

(4)

In the detectors, variations in crystal and surrounding material dimensions impact
photon detection, although the simulation should be modeled with as much accuracy as
possible.
In this work, all simulations were carried out and matched the Co-60 source size,
the density, and the photons emission as the true source. In addition, the 6-inch (15.24 cm)
diameter Plexiglas column, the experimental setup, and the 28 (2 x 2) inch high-resolution
NaI(Tl) detectors with 512 channels were simulated.
The MCNP 3-D geometry of the bubble column with/without vertical internals is
shown in Figure 4. The simulation included the gas distribution profile obtained from the
real air-water bubble column. [25,44] to generate a large dataset of the calibration points.
During the simulation process, with and without internals, the simulated gamma-ray source
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was located at ~7900 different positions in the 3-D geometry to allow all simulated
detectors to measure the spectrum energies. Therefore, the MCNP simulation significantly
contributed to generating a large number of calibration datasets that cannot be generated
experimentally in the bubble column with dense internals. More detail about the MCNP
environment is available in previous work reported by Mosorov et al. [38].

3.3. INSTANTANEOUS POSITIONS OF THE RADIOACTIVE PARTICLE
There are many reconstruction algorithms available to estimate the radioactive
particle position at different multiphase flow systems, as mentioned above. However, all
these algorithms require the calibration data points in order to be applicable to define the
tracer positions [29,30,39,45,46]. In addition, the number of calibration points plays a
significant role; A few calibration points may increase the error between the reconstructed
position with the proper position. This study employed the similarity algorithm to identify
the radioactive particle positions inside the bubble column with and without internals
[37,38]. Thus, it estimates radioactive particle positions by comparing each experimental
data point with the calibration data points.
Mosorov (2013) [37] developed the original algorithm for mapping counts into the
particle position coordinates by sorting the difference and focusing on the minimal values.
The similarity algorithm is shown in equation 5:

(

)

S j =  ln Ci ( Pj ) − ln ( M i ( Po ) ) ,
n

i =1

j = 1.... jmax ;

i = 1...n

(5)
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a-

bFigure 4. MCNP geometry of the simulated bubble column and the 28 NaI(Tl) detectors
a- without internals, b- with internals.
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where Sj is the similarities, Ci is the calibration counts, Pj is the known positions of the
radioactive tracer at the calibration point, Mi is the measurement counts, and Po is the
estimated position of the tracer during the experiments. Finally, n is the number of the
detectors used to count the tracer photons. Finally, the particle’s position (xe, ye, ze) must
be calculated using the sorted set’s first three minimum, as shown in equations 6-8:

xe =

x(Smin1 )w1 + x(Smin 2 )w2 + x(Smin3 )w3
;
w1 + w2 + w3

(6)

ye =

y(Smin1 )w1 + y(Smin 2 )w2 + y(Smin3 )w3
;
w1 + w2 + w3

(7)

ze =

z (Smin1 )w1 + z(Smin 2 )w2 + z (Smin3 )w3
w1 + w2 + w3

(8)

where x(Sj), y(Sj), and z(Sj) denote the coordinates (x,y, and z) of the radioactive particle
position used to compute the jth similarity Sj. The wi=Smin 1/Smin i, when i= 1, 2, 3, is the
similarity weight. Hence, Smin 1, Smin 2, and Smin 3 correspond to the first three minima of the
sorted set of similarities {Sj}, j=1, …, Jmax.
Therefore, by an iterative approach, this algorithm reduces the reconstruction error
between the estimated tracer position with its true position by considering the statistical
fluctuations of measured counts. These fluctuations of the photons emitted by a gammaray source the measurement interval can influence counts and reduce the reconstruction
accuracy of radioactive particle positions.
In order to visualize the distribution of the radioactive particle positions
(representing the liquid phase) in the bubble column during the operation. The Kernel
Density Estimation (KDE) was used to estimate the probability density distribution as a
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continuous function of the axial and radial distributions of the radioactive particle
positions. The KDE is a non-parametric method for estimating the probability density
function of random variables. Estimating kernel density is a fundamental data smoothing
problem that involves inferring the population based on a limited sample of data. The
results can be visualized and quantified by the radioactive particle tracer distribution
representing the liquid phase in the bubble column reactor. The KDE can be estimated
using equation (9) [47]:

f ( x) =

1
nhd

n

 x − Xi 

hd 

 K 
i =1

(9)

where n is the total sample number represented by the radioactive particle positions, hd is
the bandwidth for d dimensions multivariate KDE, and X i is the value of ith observation.

K is the kernel density function as Gaussian kernel density function that can be calculated
using equation (10).
K=

1
1
exp− x2
2
2

(10)

3.4. ESTIMATION OF THE HYDRODYNAMIC PARAMETERS
In this work, the 3-D liquid velocities, normal stress, shear stresses, and turbulent
kinetic energy were processed in accordance with the works of Devanathan et al. [6],
Moslemian et al. [48], Efhaima and Al-Dahhan [49], and others. Thus, the axial liquid
distribution in the bubble column with the influence of the vertical internals, liquid
velocity, and turbulence parameters are presented. For the liquid instantaneous velocities,
the difference in the time between the middle point of two following positions of the
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particle positions at different coordinates (z, r, θ), as shown in the following equations
[1,50]:

uz ,i − 1 = ( zi − zi −1 ) / T

(11)

ur ,i − 1 = ( ri − ri −1 ) / T

(12)

u ,i − 1 = (i − i −1 )  ( ri − ri −1 ) 2 T

(13)

2

2

2

where i − 1 is the middle point between the two following particle positions.
2
As early mentioned, the column was assembled with the same volume
compartments that can be averaged to estimate the liquid’s ensemble mean components
and resultant velocities. The means of all tracer particle occurrences (instantaneous
positions) in a given compartment are used to calculate time assembled averaged velocities.
The time-averaged (mean) velocities in each direction in each compartment (i, j, k)
were calculated as follows [1,2,35]

1
u p (i , j ,k ) =
N

N

u
i =1

p = z, r ,

p ( i , j , k ),i

(14)

where N is the number of liquid velocity occurrences for the given compartment.
For then data vitalization, perform the circular azimuth averaging for each (r, z)
plane to calculate the azimuthal averaged velocity u p (i , j ,k ) of the axial and radial
components. Thus, for each z-plane, eight positions described by the profile in the radial
direction are obtained:

1
u (i ,k ) =
N N (i ,k )

N

u
j =1

(i , j ,k )

N ( i , j , k )

(15)
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where N is the number of compartments in the azimuthal direction, N (i ,k ) is the averaged
velocity occurrences for two compartments (i, k), and N (i ,k ) =

1
N

N

N
j =1

(i , j ,k )

.

In addition, the normal and shear stresses and turbulent kinetic energy can be
calculated using the following equations [1,35]:

 pq = u p (i , j ,k ) u q (i , j ,k ) , p, q = z, r ,

(16)

TKE = 1 ( zz +  rr +   )
2

(17)

3.5. VALIDATION OF THE MONTE CARLO N-PARTICLE (MCNP)
SIMULATION
In order to validate the MCNP simulation for the calibration points to be generated,
a real calibration measurement was performed using the same experimental setup (column,
radioactive source, and detectors) with and without internals. The real and the simulated
Co-60 energy spectra for one of the detectors are presented in Figure 5. The simulated and
the real spectra showed a good agreement among energies, which contributes to validating
the use of MCNP simulation.
In the bubble column without internals, there were 60 - points with known positions
in an hourglass shape selected for validation. Figure 6-a compares the hourglass positions
of the real calibration positions of the radioactive particle fixed by the automated
calibration device and the position obtained by the MCNP simulation by using the
similarity algorithm. Due to the limitation of inserting the calibration rod in the bubble
column with dense internals, more than 170 validation points were distributed in 5 different
vertical coordinates. Figure 6-b illustrates the real positions of the gamma-ray source in the
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bubble column with dense internals compared to the positions reconstructed by the
similarity algorithm using the simulated calibration points by MCNP. The relative error of
each point was not more than 4.2 %, according to the known coordinates (r, θ, z). Thus, the
simulated calibration points using MCNP have a good agreement with the actual positions
of the radioactive particle fixed by the automated calibration device. This agreement caused
the MCNP tool can be applicable for whole experimental setups with and without dense
internal rods. This contribution provided the starting point for investigating the solid phase
hydrodynamics in the slurry bubble column with dense internals.

Figure 5. Comparison of the real measured spectrum and simulated spectrum of Co-60
for a selected detector.
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4. RESULTS AND DISCUSSION

In this study, we paired the real calibration dataset and the simulated dataset using
the MCNP tool to provide a large set of calibration data points for the bubble column with/
without vertical internals. Increasing the calibration data points helped enhance the
similarity algorithm’s accuracy in reconstructing the tracer’s positions in the system. The
instantaneous position data have been used to determine the 3-D liquid velocities and the
turbulence parameter radial profiles are presented as axially and azimuthally averaged,
respectively. Thus, axial liquid distribution of the air-water system as a bubble column with
the influence of the vertical internals is presented, including the liquid velocity and the
turbulence parameters.

4.1. AXIAL AND RADIAL LIQUID PHASE DISTRIBUTION
As mentioned earlier, this study used Kernel Density Estimation (KDE) to estimate
the probability density distribution of the liquid phase in the bubble column during the
operation as a continuous function. KDE can be used to understand and visualize the liquid
phase distribution based on the instantaneous positions of the radioactive particle. Figure
7-a illustrates the axial distribution of the liquid phase in the bubble column during the
operation with and without internals. The results indicate that the radioactive particle
appeared more frequently at the bottom of the bubble column than at the higher levels
during the operation, based on the instantaneous positions. Thus, it indicates that the liquid
phase is more present at the bottom of the column, as liquid holdup, and is consistent with
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the literature, which indicates that the bubble size increased at the top of the column.
[26,51].

abFigure 6. Validation of the MCNP simulation which compares the positions of the
radioactive particles obtained by MCNP simulation with the related ones of real positions
of the radioactive particles fixed by the automated calibration device, a- without internals,
b- with internals.

The presence of the internals helped the liquid phase to have more turbulence at a
higher level of the column due to increased liquid phase circulations. Thus, the results show
that increasing the density estimator of the liquid phase with the internals along the column
height agreed with increasing the gas holdup in the column height with internals, as
reported by Jasim et al. [24], Al-Naseri et al. [52], and others. From Figure 7-b, it can be
shown the radial distribution of the liquid phase in the bubble column with and without
internals. By dividing the bubble column into two sides, the x-axis represents the
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dimensionless column radius (r/R). The liquid phase reached the plateau and was uniformly
distributed along the column diameter of the bubble column without internals. However,
the presence of internals shows a significant effect on the radial distribution compared to
without internals. The internals generated three main concentrated radial zones based on
the density estimator values by the liquid phase. One peak is shown in the column center
when r/R= 0 because it has the highest magnitudes of the gas holdup [26,32], and the
highest axial liquid velocity, as will be discussed in the next section. Moreover, the other
two peaks are located between the center and the wall zone at approximately r/R=0.6, as
indicated by inversion points when the axial liquid velocities are zero. The results of Kernel
density estimation (KDE) density present in Figure 7-b clearly exhibit almost symmetric
the radial liquid distribution due to the symmetric design of the internals configuration.

4.2. EFFECT OF THE INTERNALS ON THE LIQUID VELOCITY FIELD
Figure 8 shows the time-averaged, axially, and azimuthally averaged liquid
velocities in terms of the dimensionless radius of the bubble column with and without
vertical internals. The plotted error bars represent the standard deviation along the axial
direction. From Figure 8-a, it is shown that the time-averaged axial liquid velocity in the
bubble column with and without internals is positive in the center of the column and
negative near the column wall [2,31,53].
Due to the increased intensity of liquid recirculation, the presence of internals
resulted in an increased magnitude of the liquid centerline. The axial liquid velocity in the
center of the column increased by more than 30 % at the same location using the internals.

36

a-

bFigure 7. Kernel density estimation (KDE) density of the liquid phase distribution in the
bubble column with and without internals based on the tracer positions, a- axial direction,
b- radial direction.

When internals were present, the liquid axial velocity profiles became steeper,
resulting in intense global recirculation between the column’s central region and the wall.
The internals may reduce turbulence intensity, thus reducing fluctuations in liquid velocity
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components and turbulent diffusion. Therefore, as the mean liquid velocity increases, the
liquid velocity profiles become steeper, dissipating the energy of the gas phase. The results
generally agreed with the phenomenon of the gas phase in the bubble column that the gas
phase is more at the center of the reactor [54,55]. As well as the increasing of the superficial
gas velocity increase the gas holdup. Therefore, the gas phase has more momentum at the
center of the column to carry the liquid phase to a higher level.
On the other hand, the value of the liquid velocity decreased near the wall in a
downward direction because of the internals. As previously mentioned, the internals were
assisted in creating small channels inside the bubble column that increased the axial
velocity in the center of the column. Jasim et al. [44] reported that the presence of dense
internals gives a consistently larger bubble chord length in the center and wall of the bubble
column reactor as well as increases the bubble rise velocity. Alternatively, the value of the
liquid velocity decreased near the wall in the downward direction because of the internals
due to a decrease of the gas holdup that forced to generate eddies to circulate the liquid
phase. Hence, the inversion point on the x-axis is when the value of the axial liquid velocity
is equal to zero. The inversion point of the bubble column without internals was about r/R
= 0.69, which is consistent with the results reported in the literature [6,54]. In contrast, the
inversion point was about r/R = 0.64 due to the vertical internals effect at the same
superficial gas velocity. Thus, the down-flow of liquid at the wall in the bubble column is
expected to cause backmixing of the liquid phase.
Figures 8-b and -c depict the effect of the vertical internals on the radial and
azimuthal liquid velocity in the bubble column. In general, this effect was insignificant
compared with the effect of the internals on the axial liquid velocity. The magnitude of the

38
velocities had a small value compared with the superficial gas velocity. However, many
researchers have reported this effect due to the axis-symmetry and vertical construction of
the column [1,54].
For the sake of comparison, Figure 9 shows the time-, azimuthally-, axiallyaveraged liquid axial velocity radial profile in the bubble column with and without internals
axial liquid velocity of this study using superficial gas velocity 40 cm/s and Al-Mesfer et
al. [2] at superficial gas velocity 45 cm/s. The comparison is based on the effect of the
configuration of the internals in the bubble column at the churn turbulent flow regimes.
The main difference in the results is closed to the wall in the bubble column with internals
due to the design of the configuration. Also, the liquid axial velocity profile was smoothly
steeper in the bubble column with internals, as reported by Al-Mesfer et al. [2].

aFigure 8. Effect of the internals on time-, and azimuthally- averaged liquid velocity radial
profiles in the bubble column at superficial gas velocity 40 cm/s, a- axial liquid velocity,
b- radial liquid velocity, c- azimuthal liquid velocity.
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b-

cFigure 8. Effect of the internals on time-, and azimuthally- averaged liquid velocity radial
profiles in the bubble column at superficial gas velocity 40 cm/s, a- axial liquid velocity,
b- radial liquid velocity, c- azimuthal liquid velocity (cont.).

As previously mentioned, Al-Mesfer et al. [2] used the hexagonal configuration,
and the results were presented as azimuthally- averaged of the liquid velocity radial
profiles. This configuration design has been used to evaluate the effect of the internals
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configuration on the gas holdup distribution using the gamma-ray computed tomography
(CT) techniques by Sultan et al. [55]. They found that gas holdup distribution in the bubble
column was not uniform based on the time-averaged cross-sectional image based on the
results of the CT technique. However, the previous study (Moller et al. [56]) has shown the
effect of both configurations (hexagonal and square pitch) on the hydrodynamics in the
bubble column with dense internals (covered ~25% of the cross-sectional area) using
ultrafast X-ray tomography. The study reported that the square pitch has a more uniform
distribution on the time-averaged cross-sectional holdup than the hexagonal pitch.
Therefore, it is important to compare the axial velocity radial profile in the bubble column
with and without internals at a selected level in the fully developed region with axiallyaveraged liquid axial velocity in Figure 8-a. Based on eight different radial orientations,
the compartments on level 71 cm (h/D = 5) above the gas sparger.
Figure 10-a illustrates the local values of the axial velocity components across the
radius at eight different radius directions: 0, 45, 90, 135, 180, 225, 270, and 315 degrees.
The values were closed to the axially- averaged liquid axial velocity with a higher standard
deviation of 3.67, and the variance is 15.78, closed to the center of the column. However,
the maximum standard deviation is 3.46, and the variance is 14.01, closed to the wall zone
in the bubble column with internals, as shown in Figure 10-b. It is worth noting that certain
compartments at 45, 135, 225, and 315 degrees were excluded from the liquid velocity
calculations due to the presence of internals.
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b-

c-

a-

Figure 9. a- Comparison of the internals configuration on time-, azimuthally-, and
axially- averaged liquid velocity radial profiles in the bubble column at superficial gas
velocity 40 cm/s of this study and 45 cm/s of the Al-Mesfer et al. [2] study, bhexagonal pitch configuration of the Al-Mesfer et al. [2], c- square pitch configuration
of this study.

aFigure 10. Comparison of the eight axial velocity radial profile radius directions with
axially- averaged liquid axial velocity in the bubble column at 71 cm above the gas
sparger, a- without internals, b- with internals.
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bFigure 10. Comparison of the eight axial velocity radial profile radius directions with
axially- averaged liquid axial velocity in the bubble column at 71 cm above the gas
sparger, a- without internals, b- with internals (cont.).

In order to compare the value of the time-, and azimuthally- averaged liquid axial
velocity radial profiles with different axial locations of the bubble column with and without
dense internals, six axial levels (h/D = 1, 3, 5, 7, 9, and 11) were selected to evaluate the
azimuthally- averaged liquid velocity radial profiles, as shown in Figure 11. It can be
observed that the liquid velocity radial profiles at h/D = 11 were lower than the mean axial
averaged velocity due to the liquid circulation from the center of the column to the wall
direction with and without internals. Compared to the absence of internals, the dense
internals increase the variance of the liquid velocity profile along the height of the bubble
column. As a result, it is critical to report axial liquid velocity radial profiles at various
levels in order to provide a reliable dataset for validating CFD models.
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a-

bFigure 11. Comparison of the time-, and azimuthally- averaged liquid axial velocity
radial profiles with six different levels of azimuthally- averaged liquid velocity radial
profiles in the bubble column, a- without internals, b- with internals.
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Additionally, the liquid phase velocity vectors in the r-z plan of the bubble column
with and without vertical internals were plotted in Figure 12. It can be observed that the
recirculation pattern for both cases is the vectors pointed upward at the center of the column
and downward at the wall. However, the vectors had more inclination radially than the
vectors in the bubble column with internal rods and were more structured to the top
direction.

4.3. EFFECT OF THE INTERNALS ON THE TURBULENCE PARAMETERS
The turbulence parameters of the liquid phase in the bubble column, such as the
normal stress, shear stresses, and turbulent kinetic energy (TKE), can be estimated using
the RPT technique [2,30,50,57]. The time-averaged turbulence parameters were calculated
based on the liquid fluctuation velocities derived by subtracting the instantaneous liquid
velocities from the time-averaged liquid velocities.
Figure 13-a shows that the liquid axial normal stress (𝜏𝑧𝑧 ) values decreased due to
the internals effect at the center of the column. Furthermore, the presence of internals
resulted in a significant decrease in normal liquid stresses compared to their values near
the column’s wall region point without internals by more than 65%. Due to the flow
direction reversed from upward to downward, the peak of liquid axial normal stress
magnitudes was close to the inversion point. However, when internals were used, the
vigorous fluctuations were reduced, resulting in a decrease in the values of the normal
liquid stress at the inversion point.
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a-

b-

Figure 12. Time-averaged velocity vector plots (r-z plan) in the bubble column, awithout internals, b- with internals.

On the other hand, the liquid shear stress (𝜏𝑟𝑧 ) values had similar behavior to the
liquid normal stress. The higher magnitude values presented nearby the inversion point for
the bubble column with/ without internals compared to the center and near the wall of the
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column, as shown in Figure 13-b. Nevertheless, the internal rods were led to decrease the
value of liquid shear stress sharply to more than 200 % in inversion point because of the
effect of the internals on the liquid velocity fluctuations. This effect was more pronounced
in this area than near the wall and the center of the column.
Figure 13-c illustrates the azimuthally averaged radial profile of the liquid phase’s
turbulent kinetic energy (TKE) in the bubble column with and without vertical internals.
The values of the TKE in the column without internals were higher magnitude values than
the present of internals. The presence of internals resulted in a more abrupt decrease in the
liquid TKE value when compared to values located in the center of the column and close
to the wall region without internals. For instance, at r ≈ 0.95, the TKE magnitude values
decreased by more than 65% when internals were present. Furthermore, at the column
center, the TKE amounts without internals decreased by around 80 % compared to the
column with internals at the same superficial gas velocity. Thus, the effect of the internals
decreased the value of the TKE by reducing the averaged liquid velocities and the liquid
circulation. This result aligns with the previous study reported by Al Mesfer et al. [2].

5. REMARKS

This research has developed and validated a new methodology for implementing
the RPT in the bubble column with dense internals. This experimental investigation was
conducted to study the impact of the dense internals on the hydrodynamics of the liquid
phase. The results are reliable data, for the first time, that can be used for CFD validation.
The key findings are briefly summarized in the following points:
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a-

bFigure 13. Effect of the vertical internals on the turbulence parameters in the bubble
column, a- liquid axial normal stress (τzz) (cm2/s2), b- liquid shear stress (τrz) (cm2/s2), cliquid turbulent kinetic energy (TKE) (cm2/s2).
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cFigure 13. Effect of the vertical internals on the turbulence parameters in the bubble
column, a- liquid axial normal stress (τzz) (cm2/s2), b- liquid shear stress (τrz) (cm2/s2), cliquid turbulent kinetic energy (TKE) (cm2/s2) (cont.).

-

The integrated method using the MCNP simulation and the calibration data set from
RPT successfully generated a huge number of calibration points to enhance the
accuracy of the reconstruction of the radioactive particle positions, as shown in the
validation steps of the bubble column with and without dense internals. The
maximum relative error for both cases of each validation point was less than 4.2 %.

-

The similarity algorithm can be used to reconstruct the instantaneous positions of
the radioactive particle with less computation power during a short time.

-

The square pitch configuration generated symmetric flow patterns that can be used
to average the azimuthally the liquid velocity fields.

-

The dense internal rods increased the time-averaged axial liquid velocity in the
center of the column by creating channels in the bubble column. Also, liquid axial
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normal stress values were decreased due to the effect of rods at the center of the
column and near the wall.
Further studies to gain insight into the flow of different size slurry bubble columns
with and without dense internals using RPT techniques are in progress in our laboratory.

REFERENCES

[1]

L. Han, P. Kamalanathan, M. Al-Dahhan, Study of the detailed catalyst
hydrodynamics using radioactive particle tracking technique in a mimicked FischerTropsch slurry bubble column, Chem. Eng. Sci. 241 (2021) 116659.
https://doi.org/10.1016/j.ces.2021.116659.

[2]

M.K. Al Mesfer, A.J. Sultan, M.H. Al-Dahhan, Study the Effect of Dense Internals
on the Liquid Velocity Field and Turbulent Parameters in Bubble Column for
Fischer–Tropsch (FT) Synthesis by Using Radioactive Particle Tracking (RPT)
Technique,
Chem.
Eng.
Sci.
161
(2016)
228–248.
https://doi.org/10.1016/j.ces.2016.12.001.

[3]

M. Kagumba, M.H. Al-Dahhan, Impact of internals size and configuration on bubble
dynamics in bubble columns for alternative clean fuels production, Ind. Eng. Chem.
Res. 54 (2015) 1359–1372. https://doi.org/10.1021/ie503490h.

[4]

S.B. Kumar, D. Moslemian, M.P. Duduković, Gas-Holdup Measurements in Bubble
Columns Using Computed Tomography, AIChE J. 43 (1997) 1414–1425.
https://doi.org/10.1002/aic.690430605.

[5]

U.P. Veera, J.B. Joshi, Measurement of gas hold-up profiles by gamma ray
tomography: Effect of sparger design and height of dispersion in bubble columns,
Chem.
Eng.
Res.
Des.
77
(1999)
303–317.
https://doi.org/10.1205/026387699526232.

[6]

N. Devanathan, D. Moslemian, M.P. Dudukovic, Flow mapping in bubble columns
using CARPT, Chem. Eng. Sci. 45 (1990) 2285–2291.

[7]

Y.B. Yang, N. Devanathan, M.P. Duduković, Liquid backmixing in bubble columns
via computer-automated radioactive particle tracking (CARPT), Exp. Fluids. 16
(1993) 1–9. https://doi.org/10.1007/BF00188499.

50
[8]

R.K. Upadhyay, H.J. Pant, S. Roy, Liquid flow patterns in rectangular air-water
bubble column investigated with Radioactive Particle Tracking, Chem. Eng. Sci. 96
(2013) 152–164. https://doi.org/10.1016/j.ces.2013.03.045.

[9]

S. Degaleesan, S. Roy, S.B. Kumar, M.P. Duduković, Liquid mixing based on
convection and turbulent dispersion in bubble columns, Chem. Eng. Sci. 51 (1996)
1967–1976. https://doi.org/10.1016/0009-2509(96)00054-1.

[10]

H. Jung, J. Il Yang, J.H. Yang, H.T. Lee, D.H. Chun, H.J. Kim, Investigation of
Fischer-Tropsch synthesis performance and its intrinsic reaction behavior in a bench
scale slurry bubble column reactor, Fuel Process. Technol. 91 (2010) 1839–1844.
https://doi.org/10.1016/j.fuproc.2010.08.008.

[11]

O.M. Basha, L. Sehabiague, A. Abdel-Wahab, B.I. Morsi, Fischer-Tropsch
Synthesis in Slurry Bubble Column Reactors: Experimental Investigations and
Modeling - A Review, Int. J. Chem. React. Eng. 13 (2015) 201–288.
https://doi.org/10.1515/ijcre-2014-0146.

[12]

J. Van de Loosdrecht, F.G. Botes, I.M. Ciobica, A. Ferreira, P. Gibson, D.J.
Moodley, A.M. Saib, J.L. Visagie, C.J. Weststrate, J.W. Niemantsverdriet, FischerTropsch Synthesis: Catalysts and Chemistry, Elsevier Ltd., 2013.
https://doi.org/10.1016/B978-0-08-097774-4.00729-4.

[13]

A. Youssef, M. Al-Dahhan, Impact of Internals on the Gas Holdup and Bubble
Properties of a Bubble Column, Ind. Eng. Chem. Res. 48 (2009) 8007–8013.
https://doi.org/10.1016/j.ijmultiphaseflow.2018.11.008.

[14]

M. An, X. Guan, N. Yang, Y. Bu, M. Xu, Z. Men, Effects of internals on fluid
dynamics and reactions in pilot-scale slurry bubble column reactors: A CFD study
for Fischer-Tropsch synthesis, Chem. Eng. Process. - Process Intensif. 132 (2018)
194–207. https://doi.org/10.1016/j.cep.2018.09.004.

[15]

O.N. Manjrekar, M.P. Dudukovic, Application of a 4-point optical probe to a Slurry
Bubble Column Reactor, Chem. Eng. Sci. 131 (2015) 313–322.
https://doi.org/10.1016/j.ces.2015.03.027.

[16]

A. Shaikh, M. Al-Dahhan, A new method for online flow regime monitoring in
bubble column reactors via nuclear gauge densitometry, Chem. Eng. Sci. 89 (2013)
120–132. https://doi.org/10.1016/j.ces.2012.11.023.

[17]

A. Behkish, Z. Men, J.R. Inga, B.I. Morsi, Mass transfer characteristics in a largescale slurry bubble column reactor with organic liquid mixtures, Chem. Eng. Sci. 57
(2002) 3307–3324. https://doi.org/10.1016/S0009-2509(02)00201-4.

51
[18]

R.S. Abdulmohsin, B.A. Abid, M.H. Al-Dahhan, Heat transfer study in a pilot-plant
scale bubble column, Chem. Eng. Res. Des. 89 (2011) 78–84.
https://doi.org/10.1016/j.cherd.2010.04.019.

[19]

F.S. Ahmed, B.A. Sensenich, S.A. Gheni, D. Znerdstrovic, M.H. Al Dahhan, Bubble
dynamics in 2D bubble column: Comparison between high-speed camera imaging
analysis and 4-point optical probe, Chem. Eng. Commun. 202 (2015) 85–95.
https://doi.org/10.1080/00986445.2013.803076.

[20]

A. Esmaeili, C. Guy, J. Chaouki, The effects of liquid phase rheology on the
hydrodynamics of a gas-liquid bubble column reactor, Chem. Eng. Sci. 129 (2015)
193–207. https://doi.org/10.1016/j.ces.2015.01.071.

[21]

A. Gupta, S. Roy, Euler-Euler simulation of bubbly flow in a rectangular bubble
column: Experimental validation with Radioactive Particle Tracking, Chem. Eng. J.
225 (2013) 818–836. https://doi.org/10.1016/j.cej.2012.11.012.

[22]

C.H. De Mesquita, D.V. De Sousa Carvalho, R. Kirita, P.A.S. Vasquez, M.M.
Hamada, Gas-liquid distribution in a bubble column using industrial gamma-ray
computed tomography, Radiat. Phys. Chem. 95 (2014) 396–400.
https://doi.org/10.1016/j.radphyschem.2013.02.028.

[23]

G. Besagni, F. Inzoli, The effect of liquid phase properties on bubble column fluid
dynamics: Gas holdup, flow regime transition, bubble size distributions and shapes,
interfacial areas and foaming phenomena, Chem. Eng. Sci. 170 (2017) 270–296.
https://doi.org/10.1016/j.ces.2017.03.043.

[24]

A.A. Jasim, A.J. Sultan, M.H. Al-Dahhan, Impact of heat exchanging internals
configurations on the gas holdup and bubble properties in a bubble column, Int. J.
Multiph.
Flow.
112
(2019)
63–82.
https://doi.org/10.1016/j.ijmultiphaseflow.2018.11.008.

[25]

A.J. Sultan, L.S. Sabri, M.H. Al-Dahhan, Influence of the size of heat exchanging
internals on the gas holdup distribution in a bubble column using gamma-ray
computed
tomography,
Chem.
Eng.
Sci.
186
(2018)
1–25.
https://doi.org/10.1016/j.ces.2018.04.021.

[26]

H. Al-Naseri, J.P. Schlegel, M.H. Al-Dahhan, The effects of internals and low aspect
ratio on the fully developed flow region and bubble properties in a pilot-plant bubble
column,
Exp.
Therm.
Fluid
Sci.
104
(2019)
284–301.
https://doi.org/10.1016/j.expthermflusci.2019.02.011.

[27]

A.J. Sultan, L.S. Sabri, M.H. Al-Dahhan, Influence of the size of heat exchanging
internals on the gas holdup distribution in a bubble column using gamma-ray
computed
tomography,
Chem.
Eng.
Sci.
186
(2018)
1–25.
https://doi.org/10.1016/j.ces.2018.04.021.

52
[28]

A.J. Sultan, L.S. Sabri, J. Shao, M.H. Al-Dahhan, Overcoming the gamma-ray
computed tomography data processing pitfalls for bubble column equipped with
vertical internal tubes, Can. J. Chem. Eng. 96 (2018) 2206–2226.
https://doi.org/10.1002/cjce.23221.

[29]

N. Rados, Slurry Bubble Column Hydrodynamics, (2003).

[30]

N. Rados, A. Shaikh, M.H. Al-Dahhan, Solids flow mapping in a high pressure
slurry bubble column, Chem. Eng. Sci. 60 (2005) 6067–6072.
https://doi.org/10.1016/j.ces.2005.04.087.

[31]

D. V. Kalaga, A. Yadav, S. Goswami, V. Bhusare, H.J. Pant, S. V. Dalvi, J.B. Joshi,
S. Roy, Comparative analysis of liquid hydrodynamics in a co-current flow-through
bubble column with densely packed internals via radiotracing and Radioactive
Particle Tracking (RPT), Chem. Eng. Sci. 170 (2017) 332–346.
https://doi.org/10.1016/j.ces.2017.02.022.

[32]

A.A. Jasim, A.J. Sultan, M.H. Al-Dahhan, Influence of heat-exchanging tubes
diameter on the gas holdup and bubble dynamics in a bubble column, Fuel. 236
(2019) 1191–1203. https://doi.org/10.1016/j.fuel.2018.09.049.

[33]

A.A. Youssef, M.E. Hamed, J.T. Grimes, M.H. Al-Dahhan, M.P. Duduković,
Hydrodynamics of pilot-scale bubble columns: Effect of internals, Ind. Eng. Chem.
Res. 52 (2013) 43–55. https://doi.org/10.1021/ie300465t.

[34]

A.A. Youssef, M.H. Al-Dahhan, M.P. Dudukovic, Bubble columns with internals:
A review, Int. J. Chem. React. Eng. 11 (2013) 169–223.
https://doi.org/10.1515/ijcre-2012-0023.

[35]

L.S. Sabri, A.J. Sultan, M.H. Al-Dahhan, Mapping of microalgae culturing via
radioactive particle tracking, Chem. Eng. Sci. 192 (2018) 739–758.
https://doi.org/10.1016/j.ces.2018.08.012.

[36]

M.S. Vesvikar, M. Al-Dahhan, Hydrodynamics investigation of laboratory-scale
Internal Gas-lift loop anaerobic digester using non-invasive CAPRT technique,
Biomass
and
Bioenergy.
84
(2016)
98–106.
https://doi.org/10.1016/j.biombioe.2015.11.014.

[37]

V. Mosorov, An iterative position reconstruction algorithm for radioactive particle
techniques,
Appl.
Radiat.
Isot.
79
(2013)
56–61.
https://doi.org/10.1016/j.apradiso.2013.05.002.

[38]

V. Mosorov, J. Abdullah, MCNP5 code in radioactive particle tracking, Appl.
Radiat. Isot. 69 (2011) 1287–1293. https://doi.org/10.1016/j.apradiso.2011.04.028.

53
[39]

S. Bhusarapu, M. Al-Dahhan, M.P. Dudukovic, Quantification of solids flow in a
gas-solid riser: Single radioactive particle tracking, Chem. Eng. Sci. 59 (2004)
5381–5386. https://doi.org/10.1016/j.ces.2004.07.052.

[40]

A.F. Velo, M.M. Hamada, D.V.S. Carvalho, J.F.T. Martins, C.H. Mesquita, A
portable tomography system with seventy detectors and five gamma-ray sources in
fan beam geometry simulated by Monte Carlo method, Flow Meas. Instrum. 53
(2017) 89–94. https://doi.org/10.1016/j.flowmeasinst.2016.09.015.

[41]

C.M. Salgado, L.E.B. Brandão, R. Schirru, C.M.N.A. Pereira, C.C. Conti,
Validation of a NaI(Tl) detector’s model developed with MCNP-X code, Prog. Nucl.
Energy. 59 (2012) 19–25. https://doi.org/10.1016/j.pnucene.2012.03.006.

[42]

M.C.F. Moreira, C.C. Conti, R. Schirru, A new NaI(Tl) four-detector layout for field
contamination assessment using artificial neural networks and the Monte Carlo
method for system calibration, Nucl. Instruments Methods Phys. Res. Sect. A Accel.
Spectrometers,
Detect.
Assoc.
Equip.
621
(2010)
302–309.
https://doi.org/10.1016/j.nima.2010.04.027.

[43]

A. Jehouani, R. Ichaoui, M. Boulkheir, Study of the NaI(Tl) efficiency by Monte
Carlo
method,
Appl.
Radiat.
Isot.
53
(2000)
887–891.
https://doi.org/10.1016/S0969-8043(00)00254-2.

[44]

A.A. Jasim, A.J. Sultan, M.H. Al-Dahhan, Influence of heat-exchanging tubes
diameter on the gas holdup and bubble dynamics in a bubble column, Fuel. 236
(2019) 1191–1203. https://doi.org/10.1016/j.fuel.2018.09.049.

[45]

V. Khane, I.A. Said, M.H. Al-Dahhan, Experimental investigation of pebble flow
dynamics using radioactive particle tracking technique in a scaled-down Pebble Bed
Modular Reactor (PBMR), Nucl. Eng. Des. 302 (2016) 1–11.
https://doi.org/10.1016/j.nucengdes.2016.03.031.

[46]

G. Salierno, M. Maestri, S. Piovano, M. Cassanello, M.A. Cardona, D. Hojman, H.
Somacal, Solid motion in a three-phase bubble column examined with Radioactive
Particle
Tracking,
Flow
Meas.
Instrum.
62
(2018)
196–204.
https://doi.org/10.1016/j.flowmeasinst.2017.10.002.

[47]

B. Qi, O. Farid, A. França Velo, J. Mendil, S. Uribe, Y. Kaneko, K. Sakakura, Y.
Kagota, M. Al-Dahhan, Tracking the Heavy Metal Contaminants Entrained with the
Flow into a Trickle Bed Hydrotreating Reactor Packed with Different Catalyst
Shapes Using Newly Developed Noninvasive Dynamic Radioactive Particle
Tracking,
Chem.
Eng.
J.
429
(2021)
132277.
https://doi.org/10.1016/j.cej.2021.132277.

54
[48]

D. Moslemian, N. Devanathan, M.P. Dudukovic, Radioactive particle tracking
technique for investigation of phase recirculation and turbulence in multiphase
systems,
Rev.
Sci.
Instrum.
63
(1992)
4361–4372.
https://doi.org/10.1063/1.1143736.

[49]

A. Efhaima, M.H. Al-Dahhan, Bed diameter effect on the hydrodynamics of gassolid fluidized beds via radioactive particle tracking (RPT) technique, Can. J. Chem.
Eng. 95 (2017) 744–756. https://doi.org/10.1002/cjce.22757.

[50]

N. Ali, T. Al-Juwaya, M. Al-Dahhan, An advanced evaluation of the mechanistic
scale-up methodology of gas–solid spouted beds using radioactive particle tracking,
Particuology. 34 (2017) 48–60. https://doi.org/10.1016/j.partic.2016.11.005.

[51]

J. Chabot, H.I. de Lasa, Gas Holdups and Bubble Characteristics in a Bubble
Column Operated at High Temperature, Ind. Eng. Chem. Res. 32 (1993) 2595–2601.
https://doi.org/10.1021/ie00023a023.

[52]

H. Al-Naseri, The effects of internals and low aspect ratio on the fully developed
flow region and bubble properties in a pilot-plant bubble column, 2019.
https://doi.org/10.1016/j.expthermflusci.2019.02.011.

[53]

S. Agahzamin, L. Pakzad, A comprehensive CFD study on the effect of dense
vertical internals on the hydrodynamics and population balance model in bubble
columns,
Chem.
Eng.
Sci.
193
(2019)
421–435.
https://doi.org/S0009250918306316.

[54]

M.K. Al Mesfer, A.J. Sultan, M.H. Al-Dahhan, Impacts of dense heat exchanging
internals on gas holdup cross-sectional distributions and profiles of bubble column
using gamma ray Computed Tomography (CT) for FT synthesis, Chem. Eng. J. 300
(2016) 317–333. https://doi.org/10.1016/j.cej.2016.04.075.

[55]

A.J. Sultan, L.S. Sabri, M.H. Al-Dahhan, Impact of heat-exchanging tube
configurations on the gas holdup distribution in bubble columns using gamma-ray
computed tomography, Int. J. Multiph. Flow. 106 (2018) 202–219.
https://doi.org/10.1016/j.ijmultiphaseflow.2018.05.006.

[56]

F. Möller, Y.M. Lau, T. Seiler, U. Hampel, M. Schubert, A study on the influence
of the tube layout on sub-channel hydrodynamics in a bubble column with internals,
Chem. Eng. Sci. 179 (2018) 265–283. https://doi.org/10.1016/j.ces.2018.01.008.

[57]

T. Al-Juwaya, N. Ali, M. Al-Dahhan, Investigation of hydrodynamics of binary
solids mixture spouted beds using radioactive particle tracking (RPT) technique,
Chem.
Eng.
Res.
Des.
148
(2019)
21–44.
https://doi.org/10.1016/j.cherd.2019.05.051.

55
II. NEW BENCHMARKING HYDRODYNAMICS DATA OF SOLIDS IN A
SLURRY BUBBLE COLUMN WITH AND WITHOUT INTERNALS FOR FT
SYNTHESIS USING THE NEWLY DEVELOPED METHOD FOR
IMPLEMENTING RADIOACTIVE PARTICLE TRACKING (RPT)
TECHNIQUE

Omar Farid1, Alexandre França Velo1,3, Binbin Qi1, Muthanna Al-Dahhan1,2,4*
1

Linda and Bipin Doshi Department of Chemical and Biochemical Engineering,
Missouri University of Science and Technology, Rolla, MO 65409 USA

2 Department of Nuclear Engineering and Radiation Science, Missouri University of
Science and Technology, Rolla, MO 65409, USA
3 Radiology & Biomedical Imaging, Yale University, New Haven, CT 06520, USA
4 TechCell, Mohammed VI Polytechnic University, Hay Moulay Rachid 43150, Ben
Guerir, Morocco
* Corresponding author: aldahhanm@mst.edu

ABSTRACT

In this work, for the first time, the effects of the presence of dense vertical internals
on the solid velocity field and turbulent parameters in the slurry bubble column reactor
(SBCR) are experimentally investigated using the new methodology for implementing the
radioactive particle tracking (RPT) technique. The SBCR system was simulated using
Monte Carlo N-Particle (MCNP) simulation to generate a large number of calibration
points that can be used to reconstruct the radioactive particle’s instantaneous positions
using the similarity algorithm. The gas-liquid-solid system was conducted in a pilot-plant
scale Plexiglas column with 14 cm inner diameter and 183 cm height. Fine glass beads
with an average diameter of 350 µm were used as the solid phase in the SBCR at 9.1 % by
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volume. Thirty-two Plexiglas rods with 1.27 cm in diameter were used to cover ~25 % of
the total cross-sectional area of SBCR. Two superficial gas velocities, 30 and 40 cm/s were
performed to present the churn-turbulent flow regime with and without internals. Thirtytwo Plexiglas rods with 1.27 cm in diameter were used to cover ~25 % of the total crosssectional area of SBCR. The results indicate that dense internals increased the timeaveraged axial solid velocity by 22% and 25.8% at gas velocities of 30 and 40 cm/s,
respectively, compared to the SBCR without internals near the column’s center. Finally,
the normal shear stress and turbulent kinetic energy increased with internals in SBCR at
the same superficial gas velocity.
Highlights:
-

The integrated method of the calibration dataset was used to reconstruct the
instantaneous positions of the solid phase in SBCR with/without dense internals.

-

The solid phase is non-uniform along the column height for both superficial gas
velocities.

-

The dense internal increases mean axial solid velocity and the turbulent parameters
in SBCR compared to the system without internals.

Keywords: Slurry bubble column reactor, Co-60, RPT, Similarity algorithm, Turbulent
parameters

1. INTRODUCTION

Multiphase reactors and multiphase flow systems have been complicated due to the
intricate interactions and reactions among different phases. Bubble/slurry bubble columns
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are known as one of the most widely used commercial multiphase flow reactors that are
used in many chemical, petrochemical, biochemical, and wastewater treatment processes
[1–4]. The main advantages of SBCR are that they are low cost and easy to operate and
maintain, with low pressure drops and high heat and mass transfer rates [2]. Meanwhile,
SBCR can be easily operated under high pressure, high temperature, and high flow rates
with/without fine solid particles. On the other hand, the complexity of three phases
interactions (gas-liquid-solid) makes it exceptionally difficult to investigate the
hydrodynamics and other physical properties [5]. SBCR has been widely used in various
processes,

including

Fischer-Tropsch

synthesis,

hydrogenation,

oxidation,

and

fermentation [6,7]. The Fischer-Tropsch synthesis reaction is highly exothermic, and
intense exchanger tubes are installed in SBCR, covering ~25% of the cross-sectional to
maintain the reactions at the desired temperature [8–10].
Many different measurement techniques, such as optical fiber probe [11–13],
gamma-ray computed tomography (γ-CT) [14,15], heat transfer probe [16], and electrical
capacitance volume tomography (ECVT) [17], are employed to obtain the hydrodynamics
in SBCR without internals. Al-Naseri 2019 [6] studied the effect of the dense internals and
the solids loading on the hydrodynamics in a pilot-plant slurry bubble column using the
four-optical fiber probe technique. The study focused on the bubble dynamics, such as the
local gas holdup and the bubble properties with different operating conditions due to the
limitation of the optical fiber probe technique to identify the solid phase during the
measurement [18].
Most of the published works in the literature investigated the hydrodynamics of the
bubble/slurry bubble column reactors without internals using the radioactive particle

58
tracking (RPT) technique [4,19–22]. RPT is the only non-invasive technique that can be
utilized to map the Lagrangian trajectory of a particular phase in a given system by tracking
a single radioactive particle to extract the 3-D velocities and the turbulent parameters. It
has been used successfully with different multiphase flow reactors but without internals.
However, implementing the RPT with intense internals is challenging due to many
difficulties in measuring the calibration points needed to reconstruct the particle locations
[23]. Farid et al. recently developed a new methodology that integrates the measurement
calibration points with the calibration dataset simulated using the Monte Carlo N-Particle
transport (MCNP) tool. The hybrid calibration dataset was used to reconstruct the
radioactive particle positions to investigate the hydrodynamics in the bubble column
with/without intense internals.
Thus far, the solid hydrodynamics in the slurry bubble column with intense
internals using radioactive particle tracking (RPT) have not been investigated. Therefore,
this work aims to study, for the first time, the effect of the dense internals on the solid
hydrodynamics by implementing the newly developed method by Farid et al. at 30 and 40
cm/s superficial gas velocities based on the free cross-sectional area. It is worth noting that
each condition required extremely large takes and made simulating the calibration dataset
in SBCR with and without internals difficult due to computing capacity constraints. Thus,
this work focuses on 9.1% solid loading in order to truly comprehend the hydrodynamics
of the solid phase in SBCR with intense internals and generate reliable data for CFD
validation. After validating CFD models against reliable benchmark data for SBCR with
dense vertical internals, the validated models can predict solid hydrodynamics for various
operating conditions and solids loading under a wide range of industrial inputs.
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2. EXPERIMENTAL SETUPS

2.1. SLURRY BUBBLE COLUMN REACTOR
The experimental works have been carried out in a 14 cm inner diameter and 183
cm height Plexiglas column. The column was attached to the aluminum plenum with the
same diameter and 30 cm in height, as shown in Figure 1. Compressed air was continuously
flowing into the plenum by a T-shape distributor with eight holes facing downward before
passing through the perforated plate on top of the plenum to the column [9,24,25]. There
are 121 holes on the perforated plate (0.132 cm in diameter) arranged in a triangular pitch
with an open area of 1.09%, as shown in Figure 2-a. Deionized (DI) water was used as the
liquid phase in batch mode, while the fine glass beads with 350 µm were utilized as the
solid phase. The solids loading (Cs) was 9.1%, defined as the volume of solid to the total
volume of the slurry phase (liquid-solid) without gas phase to provide reliable data for CFD
validation. It was selected based on industrial operating conditions reported in the literature
[19,26]. In this work, SBCR was operated with and without vertical internals at 30 and 40
cm/s superficial gas velocities at ambient conditions. The superficial gas velocities were
calculated based on the total cross-sectional area (TCSA) of SBCR without vertical
internals and on the free cross-sectional area (FCSA) of SBCR with vertical internals. The
free cross-sectional area (FCSA) for the flow has been defined by subtracting the total
cross-sectional area of the vertical internals from the TCSA. These velocities were selected
to match the churn turbulent flow regime, which is preferred by the industries. The internals
were distributed as a square pitch to cover around 25% of the cross-sectional area of the
column using 32 bundle of a Plexiglas rods with a diameter of 1.25 cm and a height of 183
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cm. The internal bundle was supported and fixed using three 3-D printed holders, as shown
in Figure 2-b. Each two of the internals were connected using U shape connectors
mimicking the real heat exchanger bundle in SBCR.

Figure 1. Schematic diagram of slurry bubble column with/without internals used in this
study.
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a-

bFigure 2. Schematic diagrams: a- uniform perforated plate, b- the support of the vertical
internals.

2.2. RADIOACTIVE PARTICLE TRACKING (RPT) TECHNIQUE
The RPT is a non-invasive radioisotope technique that can be utilized to measure
and visualize the 3D flow field and the liquid or/and solid phase turbulence parameters in
different multiphase flow systems. It consisted of a radioactive particle tracer close to the
density of the phase that needed to be investigated. This tracer can move freely inside the
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reactor during the operation, allowing the detectors fixed around the column to receive the
gamma radiation and convert it to counts for later reconstruction. This work used a single
radioactive particle tracer of Co-60 (initial activity ~ 500 µCi) with 600 µm diameter
embedded in a Polypropylene-N particle with 1 mm in diameter. The density of the particle
is the key parameter to match the solid phase in order to track the solid phase distribution
in SBRC [4,27]. The particle was covered with a thin layer of epoxy to make the density
of the radioactive particle to the same as the density of the glass beads ~ 2500 kg/m3 [19].
A set of 28 high-resolution NaI(Tl) scintillation detectors was located strategically around
the multiphase system, as shown in Figure 3. The detectors were connected to a highperformance data acquisition system for counts collection. In this study, the detectors were
fixed on Aluminum structures and were equally arranged at seven different layers with four
detectors at each level, as per Table 1. Typically, the RPT experiments have two main
steps, static and dynamic measurements. In the static measurement, also known as the
calibration step, the tracer is located at different known coordinates as stationary during
the reactor operating condition. All the NaI(Tl) detectors recorded the counts as a function
of the distance between the tracer and each detector. Therefore, the detector can receive
more counts when the radioactive particle is near it than other detectors. The RPT technique
has a fully automatic calibration device that consists of three stepper motors that allow the
steel rod to move inside the system in all directions (r, θ, and z) [27–30]. The radioactive
particle is usually located at the end tip of the steel rod during the calibration step to
generate thousands of calibration data points.
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Figure 3. A typical photo of SBCR setup with vertical internals inside the RPT technique.

The dynamic step can be defined by extruding the particle tracer within the
multiphase system under each operating condition and allowing it to move for a long time
freely. During the experiments, the NaI(Tl) recorded the photon counts during the
movement of the radioactive particle at a specific rate. Thus, the experiments were
conducted using a sampling rate of 20 Hz for 20 hours for each operating condition of the
SBCR with/ without vertical internals. Furthermore, the data acquired from the calibration
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step has been used to reconstruct the experimental data as photon counts vs. time to
instantaneous positions and Lagrangian trajectory of the tracer in the actual.

Table 1. Position coordinate of the RPT detectors in the SBCR.
Det. #

r (cm)

θᵒ

z (cm)

Det. #

r (cm)

θᵒ

z (cm)

1

12.5

0

20

15

12.5

180

80

2

12.5

90

20

16

12.5

270

80

3

12.5

180

20

17

12.5

0

100

4

12.5

270

20

18

12.5

90

100

5

12.5

0

40

19

12.5

180

100

6

12.5

90

40

20

12.5

270

100

7

12.5

180

40

21

12.5

0

120

8

12.5

270

40

22

12.5

90

120

9

12.5

0

60

23

12.5

180

120

10

12.5

90

60

24

12.5

270

120

11

12.5

180

60

25

12.5

0

160

12

12.5

270

60

26

12.5

90

160

13

12.5

0

80

27

12.5

180

160

14

12.5

90

80

28

12.5

270

160

Due to the space limitation due to the dense internals, very limited calibration points
can be reached during the conventional calibration step; therefore, A large dataset of
calibration points was generated using the Monte Carlo N-Particle (MCNP) tool [32]. All
simulations were run and matched the size, density, and photon emission of the true Co-60
source. Also, the MCNP defines the 3D geometry of the SBCR and the RPT system and
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simulates the radioactive particle during the operating conditions. The simulation included
the gas distribution profile obtained from the real air-water-solid phases in the slurry bubble
column [13]. Monte Carlo simulation is a widely used technique in radiation transport.
Monte Carlo N-Particle (MCNP) is a general-purpose Monte Carlo radiation transport code
developed to track various particles (neutrons, electrons, and gamma-rays) over a wide
energy range. The code resolves the issue by simulating individual particle trajectories and
capturing certain aspects of their average behavior. The procedure entails tracking each of
the numerous particles produced by a source until they reach the energy threshold.
Radiation energy is transferred to matter through various processes, including absorption,
escape, physical cut-off, and others. The probability of distributions is randomly sampled
using transport data to determine the outcome at each trajectory step. The pertinent
quantities are totaled, along with estimates of the statistical precision of the results. In
addition, the simulated gamma-ray source was placed in over 7900 different positions
within the 3D geometry of SBCR with intense internals during the simulation process to
allow all simulated detectors to measure the spectrum energies. Figure 4 depicts the
gamma-ray source’s coordinates using the real calibration measurement and the simulated
one in SBCR with dense internals. Thus, the MCNP simulation significantly contributed
to the generation of a large number of calibration datasets that would not have been possible
experimentally in the bubble column with dense internals.

2.3. DATA PROCESSING
The similarity algorithm was used in this study to identify radioactive particle
positions in SBCR with and without dense internals. As a result, it determines the
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instantaneous positions of the particle by comparing each experimental data point to the
calibration data points [31,32]. Mosorov (2013) invented the method for mapping counts
to particle position coordinates by sorting the difference and focusing on the minimal
values. Equation 1 illustrates the similarity algorithm [32]:

(

)

S j =  ln Ci ( Pj ) − ln ( M i ( Po ) ) ,
n

i =1

j = 1.... jmax ; i = 1...n

(1)

where Sj is the similarities, Ci is the calibration counts, Pj is the known positions of the
radioactive tracer at the calibration point, Mi is the measurement counts, Po is the estimated
position of the tracer during the experiments, and n is the number of the detectors used to
count the tracer photons. The final step is to calculate the particle position (xe, ye, ze) using
the sorted set’s first three minima, as shown in equation 2:

xe =

x(Smin1 )w1 + x(Smin 2 )w2 + x(Smin3 )w3
;
w1 + w2 + w3

ye =

y(Smin1 )w1 + y(Smin 2 )w2 + y(Smin3 )w3
;
w1 + w2 + w3

ze =

z(Smin1 )w1 + z(Smin 2 )w2 + z(Smin3 )w3
w1 + w2 + w3

(2)

where x(Sj), y(Sj), and z(Sj) denote the coordinates (x,y, and z) of the radioactive particle
position used to compute the jth similarity Sj. The wi=Smin 1/Smin i, when i= 1, 2, 3, is the
similarity weight. Hence, Smin 1, Smin 2, and Smin 3 correspond to the first three minima of the
sorted set of similarities {Sj}, j=1, …, Jmax.
Due to a large set of the experiment data points as instantaneous positions of the
radioactive particle in SBCR, it is important to understand the solid phase distribution in
SBCR with and without dense internals at different operating conditions using the Kernel
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Density Estimation (KDE) estimator. The KDE has been used to estimate the probability
density distribution of the solid phase in the SBCR as a continuous function using the
following equation [33]:

f ( x) =

1
nhd

n

 x − Xi 

hd 

 K 
i =1

(3)

where n is the total sample number represented by the radioactive particle positions, hd is
the bandwidth for d dimensions multivariate KDE, and X i is the value of i th observation.

K is the kernel density function as a Gaussian kernel density function that can be calculated
using the following equation:
1
1
exp− x2
2
2

K=

(4)

Furthermore, the magnitude of the instantaneous velocity vectors of the particle can
be calculated through the distance change within the time between data collection. In this
case, the data collection frequency is 20 Hz; therefore, the data collection time is 1/20
second. The starting point of the velocity vector is defined as the middle point between the
two positions at t0 and t0+1, as shown in equations (5, 6, and 7) [27,30]:
u z ,i − 1 =

( zi − zi −1 )
t

(5)

ur , i − 1 =

(ri − ri −1 )
t

(6)

(i − i −1 ) (ri + ri +1 )

t
2

(7)

2

2

u ,i − 1 =
2

where

i − 12

is the middle point of two adjacent positions of the radioactive particle.
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To quantify the solid phase velocities, the column was divided into compartments
that were equally spaced radially and axially. The means of all tracer particle occurrences
(instantaneous positions) in a given compartment are used to calculate time assembled
averaged velocities. The average of the instantaneous velocities of the radioactive particle
was described as the time-average velocities for a given compartment (i, j, k) [19,28]:

u

1
N

p (i , j ,k ) =

N

u
i =1

p = z, r ,

p ( i , j , k ),i

(8)

where N is the number of velocity occurrences assigned to the middle point of the tracer
positions for a given compartment. Moreover, the difference between the instantaneous
tracer velocities and the time averaged velocities has been reported as the fluctuation
velocities.

u

p (i , j ,k )

= u p (i, j ,k ) −u p(i, j ,k )

(9)

Due to a large number of the instantaneous velocities, the azimuthally averaged
velocity was used due to the difficulty of representing 3-D velocities as a function of
position in the domain, as shown in the equation below [22,28]:
u

(i ,k ) =

1
N N (i ,k )

N

u
j =1

(i , j ,k )

N ( i , j , k )

(10)

where u (i ,k ) is the time averaging and azimuthally averaged axial or radial component of
the two-dimensional velocity for the compartment (i, k), and N is the number of divisions
in the azimuthal direction. The N (i ,k ) is the averaged number of the tracer velocity
occurrences for the two-dimensional compartment (i, k) that can be defined as the
following equation (11).
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Additionally, the turbulent stresses (τ)and the turbulent kinetic energy (TKE) can
be evaluated as follows [27,29,30,34]:

N (i ,k ) =

1
N

N

N
j =1

(11)

(i , j ,k )

 pq = u p (i , j ,k ) u q (i , j ,k ) , p, q = z, r ,
TKE =

a-

(12)

1
( zz +  rr +   )
2

(13)

b-

Figure 4. Coordinates of the gamma-ray source in the slurry bubble column with dense
internals, a- real calibration measurement, b- simulated calibration using MCNP.

2.4. VALIDATION OF RECONSTRUCTION OF THE INSTANTANEOUS
POSITIONS USING SIMILARITY ALGORITHM
Validation of capability, reliability, and accuracy is always required for a newly
developed method for simulating calibration points using MCNP. Therefore, the Co-60
particle was fixed by the automated calibration device and located at various known
coordinates, and the position was obtained using the similarity algorithm. Figure 5
compares the actual positions of the gamma-ray source in the SBCR with intense internals
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at 40 cm/s superficial gas velocity to the reconstructed positions by the similarity algorithm
using MCNP simulated calibration points. According to the known coordinates (r, θ, z),
the relative error of each point was no more than 4.7 %.

abFigure 5. Comparing the know position of Co-60 coordinate in SBCR with dense
internals with reconstructed positions by the similarity algorithm at 40 cm/s superficial
gas velocity, a- top-view (cross-sectional), b- side-view of a selected level.

3. RESULTS AND DISCUSSION

In this work, the RPT technique was employed to investigate the effect of the dense
vertical internals in SBCR at two different superficial gas velocities, 30 and 40 cm/s. The
9.1 % solids loading by volume was selected to fully understand the hydrodynamics of the
solid phase in SBCR with intense internals and generate reliable CFD validation data. This
section presents the solid phase distribution with and without vertical internals in the
SBCR, then the results for the solids velocity and turbulence parameters are also discussed.
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3.1. AXIAL AND RADIAL SOLID PHASE DISTRIBUTION
As previously stated, the similarity algorithm was used to reconstruct the
radioactive particle instantaneous positions in the SBCR using the simulated calibration
dataset by MCNP. The instantaneous positions of the tracer represent the locations of the
solid phase during the experiments at different operating conditions, therefore, describing
the trajectory of the movement of the solid phase. In other words, the locations of the solid
phase indicate the occurrence probabilities of the solid phase. Therefore, it is essential to
quantify the solid occurrence distribution in the reactor with and without the dense internals
at 30 and 40 cm/s superficial gas velocities. Kernel Density Estimation (KDE) was applied
to visualize the probability of the solid phase locations in the SBCR. The KDE is a nonparametric method for estimating the probability density function of random variables.
Figure 6-a shows the KDE density of the axial distribution of the solid phase for both
superficial gas velocities (30 and 40 cm/s) with and without the internals. For both gas
velocities without internals, the probability of solid phase occurrence at the lower level of
the reactor is significantly higher than at any other location. This is because the solid
particles were agglomerated at the low level of the column and caused more concentration
of the solid at the sparger zone. The momentum as the driving force generated by the gas
phase was not enough to push most of the solid phase higher in the column [35]. As the
superficial gas velocity increases, more bubbles and momentum energy are introduced into
the system. Therefore, the driving force and bubble interactions increase, increasing the
axial velocities and turbulence of the solid phase.
However, the presence of the intense internals assist in breaking down the
agglomeration of the solid phase. The internals helped the gas phase to carry the solid
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particle higher in the column. Figure 6-a illustrates the glass beads flowed higher in the
column with the internals because they were affected by limiting the coalescence rate, as
reported by Al-Naseri et al. [13]. Figure 6-b illustrate the Kernel density estimation of the
radial distribution of the solid based on the main interlocutor (0-180 degree) compared to
the coordinates of RPT detectors in Table 1.
The results of the SBCR without internals demonstrated that the radial distribution
of the solid phase are radially uniform following the radial profile of the gas holdup, as
having been reported [36,37]. Furthermore, the reflection points show had the highest
magnitude of the KDE density of the solid phase due to the averaged axial velocities are
within close range of zero, as reported in the literature [5,13,38].

aFigure 6. Probability density function of solid phase distribution in the SBCR based on
the instantaneous positions of the radioactive particle, a- axial solid phase distribution, bradial solid distribution.
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bFigure 6. Probability density function of solid phase distribution in the SBCR based on
the instantaneous positions of the radioactive particle, a- axial solid phase distribution, bradial solid distribution (cont.).

KDE density magnitudes of the solid phase radially distribution are decreased near
the wall zone because bubbles accumulated in the center of the column during the
operation. On the other hand, the effect of the dense internals are significantly changed the
radial solid distribution compared to the SBCR without internals. The magnitudes of the
KDE density increase toward the column’s center and decrease toward the wall zone. The
internals obstruct flow between the rods, lowering the radial and azimuthal solid velocities
and radial distribution of the glass beads. Additionally, these findings are instructive for
developing Computational Fluid Dynamics (CFD) models, as they demonstrate that
modeling the SBCR using a two-phase approach, such as Euler-2-Phase (E2P) models, is
an oversimplification.
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3.2. MEAN SOLID VELOCITY FIELD
The column was divided into compartments of the same size to obtain the timeaveraged velocity vectors. Therefore, these velocity vectors can be composed of axial,
radial, and azimuthal mean solid velocity, respectively. Figure 7 shows the time-averaged,
azimuthally averaged ensemble time-averaged velocity vector plot of the radioactive
particle at different superficial gas velocities. It can be observed that the solids most likely
flowed upward in the center and then circulated back to the bottom near the wall region, as
reported in our papers in the literature [4,14,19], which are identical in both cases with and
without internals. This flow pattern was mainly because of the gas phase distribution in
SBCR based on the gas holdup increase in the center of the column, as reported by the
literature [3,6]. During the bubble rise, the slurry phase was carried out by the bubbles
upward with a small value of radial velocities to the wall directly in the SBCR without
internals that agreed with An et al. [39]. Therefore, increasing the superficial gas phase
velocity increases the magnitude of the height of the solid phase velocity, as shown in the
2-D solid velocity vector plots in Figure 5.
Figure 8 illustrates the time and azimuthally averaged radial profile of the axial
mean solid velocity in the SBCR with dense vertical internals at different superficial gas
velocities. It can be observed that the effect of the internals increased the upward axial
velocity of the solid phase. However, the vertical internals reduced the solid radial
velocities to the wall direction. It increased the axial velocity magnitude by inhibiting the
gas-slurry system between the internal rods as small channels.
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abFigure 7. Solid velocity map in the r-z plane of SBCR without internals at different
superficial gas velocity, a- 30 cm/s, b- 40 cm/s.

As the superficial gas velocity increased, the centerline and negative axial velocity
of the liquid also increased. For instance, when the superficial gas velocity increased from
30 cm/s to 40 cm/s, the magnitude of the liquid centerline velocity increased by
approximately 32% on average.
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abFigure 8. Solid velocity map in the r-z plane of SBCR with dense internals at different
superficial gas velocity, a- 30 cm/s, b- 40 cm/s.

As mentioned above, the instantaneous tracer axial, radial, and azimuthal velocities
have been used to estimate the time-averaged radioactive particle velocities for a given
compartment (i,j,k). Figure 9 shows the time-averaged, axially, and azimuthally averaged
solid velocities in the SBCR with and without internals at different superficial gas
velocities. This is because the gas-phase distribution in SBCR leads to recirculating the
solid phase by falling the solid phase near the wall zone. Besides, the inversion points are
between 0.65-0.7 as the dimensionless radius (r/R), consistent with the literature’s reported
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results [4,27]. It can be seen that the presence of the internals increased the solid velocity
near the center of the column by 22% and 25.8% at 30 and 40 cm/s, respectively. The
internals may reduce turbulence intensity, thereby reducing fluctuations in the solid
velocity components and turbulent diffusion. Internals increased the steepness of the solid
axial velocity profiles, resulting in intense global recirculation between the column’s
central region and the wall. As the mean solid velocity increases, the solid velocity profiles
become steeper, effectively dissipating the gas phase’s energy. Alternatively, the timeaveraged, azimuthally averaged radial profile of the radial means solid velocity in the
SBCR with and without internals is shown in Figure 10. The values of these solid velocities
decreased by the presence of the dense internals. Therefore, the magnitude of the radial
solid velocity is very low compared to the solid axial velocity. Figure 11 illustrates the
time-averaged, azimuthally averaged radial profile of the solid velocity in the SBCR at 30
and 40 cm/s superficial gas velocity with and without dense internals. The fluctuation in
the results represent the movement of the glass bead turbulent eddies during the operation.
Therefore, many researchers have reported this effect due to the axis-symmetry and vertical
construction of the column [19,35].
In order to compare the value of the time-, and azimuthally- averaged solid axial
velocity radial profiles at different axial levels in SBCR with and without dense internals,
five axial levels (h/D = 1, 3, 5, 7, and 9) were selected to understand the axial solid
velocities along the column height.
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a-

bFigure 9. Azimuthally averaged radial profile of the axial mean solid velocity in the
SBCR with and without internals, a- at 30 cm/s superficial gas velocity, b- at 40 cm/s
superficial gas velocity.
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a-

bFigure 10. Azimuthally averaged radial profile of the radial mean solid velocity in the
SBCR with and without internals, a- at 30 cm/s superficial gas velocity, b- at 40 cm/s
superficial gas velocity.
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a-

bFigure 11. Azimuthally averaged radial profile of the azimuthal mean solid velocity in the
SBCR with and without internals, a- at 30 cm/s superficial gas velocity, b- at 40 cm/s
superficial gas velocity.

Figures 12 and 13 show the effect of the intense internals on time-, and azimuthallyaveraged solid axial velocity radial profiles at different levels using 30 and 40 cm/s
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superficial gas velocity, respectively. For superficial gas velocities of 30 and 40 cm/s, the
variance of local solid axial velocity radial profiles in SBCR without dense internals were
2.11 and 9.99, respectively. In contrast, the dense internals increased the variance in SBCR
to 10.79 and 16.99 at 30 and 40 cm/s superficial gas velocities of 30 and 40 cm/s,
respectively. Thus, the dense internals increased the range of the local solid axial velocity
radial profiles along the column height in SBCR compared to without internals.
Additionally, the range of the solid axial velocities near the reflection points with and
without dense internals were close to zero.

3.3. TURBULENCE PARAMETERS
RPT technique can be utilized to evaluate the turbulent parameters of the solid
phase in the SBCR, such as the normal stress, shear stress, and turbulent kinetic energy.
The mean values of these time-averaged turbulent parameters are calculated from the
solids’ fluctuation rates, which were derived by subtracting the instantaneous velocities of
the solids from the velocities of the solids averaged over time. Figure 14 shows the
azimuthally averaged radial profiles of the axial normal stress (τzz) of the SBCR with and
without dense vertical internals at different operating conditions. The result indicates that
the vertical internals decreased the axial normal stress in the SBCR compared to the system
without internals between the center of the column to the inversion point zone for both
superficial gas velocities. However, the axial normal stress increased near to the wall of
the SBCR with internals by 32.9% and 68.5% at superficial gas velocities 30 and 40,
respectively. This phenomenon is caused by increased turbulent movements of the solid
phase between the inversion point and the column zone during the circulations.
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a-

b-

c-

Figure 12. Time-, and azimuthally- averaged solid axial velocity radial profiles at
different axial levels in SBCR at 30 cm superficial gas velocity, a- without dense
internals, b- with dense internals, c- Schematic diagram of the measurement levels.

In contrast, the effect of the vertical internals was opposite on the solids shear
stress radial profile (τrz) because the internals reduced the radial velocities fluctuation in
the solid phase, as shown in Figure 15.
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a-

bcFigure 13. Time-, and azimuthally- averaged solid axial velocity radial profiles at
different axial levels in SBCR at 40 cm superficial gas velocity, a- without dense
internals, b- with dense internals, c- Schematic diagram of the measurement levels.

This phenomenon is apparent between the center of the column to the inversion
points (r/R = 0 to 0.7). On the wall zone, the solids shear stress radial profile is higher with
the presence of the internals, especially on the 30 cm/s superficial gas velocity due to the
solid recirculation. The results show that the normal stress is around ten times that of the
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radial shear stress. This is primarily because variable velocities and their associated
fluctuation velocities exist.

a-

bFigure 14. Azimuthally averaged radial profiles of the axial normal stress (τzz) of SBCR
with and without internals at the operating condition, a- at 30 cm/s superficial gas
velocity, b- at 40 cm/s superficial gas velocity.
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a-

bFigure 15. Azimuthally averaged radial profiles of the radial normal stress (τrz) of SBCR
with and without internals at the operating condition, a- at 30 cm/s superficial gas
velocity, b- at 40 cm/s superficial gas velocity.

Figure 16 shows the azimuthally averaged radial profiles of the turbulent kinetic
energy (TKE) of the SBCR at superficial gas velocities of 30 and 40 cm/s. The results
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represent the effect of the vertical internals on the TKE of the solid phase in the SBCR.
Generally, TKE values increase in the SBCR with internals compared to the reactor without
internals at the same superficial gas velocity. On the other hand, an increase in the
superficial gas velocity in the SBCR increases the turbulence between the three phases. It
reflects rising the TKE at different radial positions. The TKE behavior is similar to the
radial normal stress (τrz) that it is increased by using the vertical internals at the same
operating conditions. Moreover, the minimum values of the TKE can be seen near the wall
zone of the SBCR for both superficial gas velocities. Thus, the time-averaged solids
velocity on the wall zone is compared to other radial positions due to the wall effect.

aFigure 16. Azimuthally averaged radial profiles of the turbulent kinetic energy (TKE) of
SBCR with and without internals, a- at 30 cm/s superficial gas velocity, b- at 40 cm/s
superficial gas velocity.
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bFigure 16. Azimuthally averaged radial profiles of the turbulent kinetic energy (TKE) of
SBCR with and without internals, a- at 30 cm/s superficial gas velocity, b- at 40 cm/s
superficial gas velocity (cont.).

4. REMARKS

A new methodology for implementing the RPT in the pilot-scale 14 cm inner
diameter slurry bubble column reactor with dense internals has been developed and
validated for the first time. The main results demonstrated the effect of the dense vertical
internals on the 3-D solid field velocity and the turbulent parameters at two different
superficial gas velocities. The main remarks are summarized below as follows:
-

The hybrid approach of MCNP simulation and real calibration points successfully
generated a large number of calibration datasets. For the first time, this dataset was
used to reconstruct the radioactive particle’s instantaneous positions in SBCR using
a similarity algorithm, both with and without dense internals.
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-

The KDE probability density function indicates that the solid phase distribution in
the SBCR is not uniform along its height. As a result, the radioactive particle is
more likely to remain at the bottom of the column than at the top.

-

The mean axial solid velocity increases as the superficial gas velocity increases,
due mainly to the momentum of the gas phase, which enables the solid particles to
move quickly, thereby increasing the axial velocity. Additionally, the radial and
azimuthal velocities are insignificant compared to the solid phase’s axial velocity.

-

The SBCR’s dense internals increase the axial mean solids velocity while
maintaining the superficial gas velocity. Thus, the internals formed multiple
channels, forcing the solid particles to flow axially and reducing radial and
azimuthal motions. Also, the dense internals increased the range of the local solid
axial velocity radial profiles along the column height in SBCR compared to without
internals.

-

By increasing the SBCR’s velocity fluctuations under the same operating
conditions, vertical internals affect normal and shear stresses. However, the
fluctuations become less pronounced near the wall due to the wall effect, which
reduces the normal and shear stresses. Additionally, increasing the superficial gas
velocity and inserting the vertical internal into the SBCR increases the solid phase’s
turbulent kinetic energy (TKE).
Although the 9.1 % solid loading is less than the 25% used in FT synthetic reactors,

the results can be used to effectively and reliably validate CFD’s ability to predict solid
hydrodynamics with a high solid loading under various industrial conditions.
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ABSTRACT

A new hybrid measurement technique was developed and employed to study lineaveraged three-phase holdup distribution in a Slurry Bubble Column Reactor (SBCR)
using gamma-ray densitometry (GRD) and point optical fiber probe (OFP) techniques.
Optical fiber probe technique was used to measure the local gas holdup at 45 nodes in the
cross-section area of the SBCR at three different axial levels. Thus, the GRD technique
measured the spectrum of the SBCR for two different orientations simultaneously with the
optical fiber probe technique at the same operating conditions. In order to verify the
accuracy of the measurement method and validation, both techniques were utilized to
measure line-averaged gas holdup in an air-water bubble column. In this study, three solid
loadings 9.1 %, 18 %, and 25% by volume for the slurry phase (liquid-solid) were examined
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using superficial gas velocities of 0.2, 0.3, and 0.4 m/s. The new hybrid technique allows
determining the solid holdup distribution radially and axially. The obtained results
indicated that increasing the solids loading increased the solid holdup and decreased the
liquid holdup. Also, the axial distribution of the solid phase was not uniform along the
height of the SBCR. These results are highly remarkable as it often assumed that the solids
exhibit a uniform distribution inside the slurry phase. The reliable data can help evaluate
and validate the computational fluid dynamics (CFD) models to predict the hydrodynamic
parameters involved in SBCR.
Highlights:
-

A new hybrid measurement technique was developed to measure the line-averaged
three-phase holdups distribution in SBCR.

-

An increase in solid loadings decreases the line-averaged and the gas holdup.

-

The line-averaged solid holdup is not uniform along the column height, with the
higher concentrations found in the bottom of the SBCR.

Keywords: Optical fiber probe; Hybrid modality; solids loading; Cs-137; SBCR

1. INTRODUCTION

Slurry bubble column reactors (SBCR) are among the important multiphase
reactors where three phases contact each other. The design of the SBCR consists of a
cylindrical vessel where the gas phase is sparged into a slurry phase, which consists of fine
solid particles suspended in a liquid phase, using a distributor plate at the bottom of the
column [1,2]. The gas phase interacts with the liquid and solid phases as reactants during
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the operation. The liquid phase is typically a product and/or reactant, and the fine solid
particles are catalysts or products. Generally, the gas phase is injected into the bottom
plenum to the column passing through a perforated distributor plate or a sparger and
creating bubbles in the reactors [1,3,4]. The slurry (liquid-solid) phase can be operated as
co-current, counter-current, or batch mode with respect to the gas phase flow. In any of
these operation modes, the momentum is transferred from the fast phase (gas phase,
introduced in the upward direction) to the slower phase (slurry phase, liquid-solid), which
enhances that phases contact without the need for mechanical stirrer equipment [5]. Thus,
one of the main advantages of the SBCR is the excellent mixing, which leads to enhanced
heat and mass transfer. On the other hand, it has also been recognized that the vigorous
multiphase interactions also produce significant back-mixing in the axial direction, which
reduces the conversion of the reaction [5]. SBCR are generally based on the reactions
catalyzed by the suspended solid particles in the gas-liquid phases. Therefore, it is essential
to understand the solid catalyst’s dynamics in the SBCR because it is one of the key
parameters for the design and scale-up of these reactors [5,6]. In the past, several
researchers reported the hydrodynamics of the bubble/slurry bubble column reactors using
different measurement techniques such as optical fiber probes [1,7,8], dual-tip void age
probe [9], gamma-ray computed tomography (CT) [10–13], electrical capacitance
tomography [14], radioactive particle tracking [15–17], and many others.
Wu et al. [18] investigated the effect of the solid concentration on the bubble
properties in bubble/slurry bubble column reactor without internals using the 4-tip optical
fiber probe measurement technique. The experiments were conducted with fine glass beads
as the solid phase at solids loadings of 0, 9.1, and 25% in SBCR with a diameter of 10.2

96
cm and a height of 105 cm. The results showed that the local gas holdup decreased by
increasing the solids concentration, and so did the specific interfacial area and the bubble
frequency. However, the authors only reported the bubble dynamics (local gas holdup,
bubble chord length, bubble velocity, bubble frequency, and specific interfacial area)
without liquid and solid phase holdups and distribution. On the other hand, Al-Naseri et al.
[19] studied the effect of the solid loading, aspect ratio, and the superficial gas velocities
on the bubble properties in SBCR. Using the four-point fiber optical probe technique, the
authors reported the bubble dynamics extremely in a bubble column of 0.6 m inner
diameter and 3.9 m height.
However, most of the studies used two different approaches to measure the
hydrodynamics of the solid phase [5,20]. First, using the two-phase approach, considering
the slurry phase (liquid-solid) as a single phase that has a homogenous solids distribution,
and the gas phase being a separated second phase. This approach was observed to be
representative when the particles have a Reynolds number of less than 0.3, as Lakhdissi et
al. [14] reported. These studies focused on the bubble dynamics (local gas holdup, bubble
chord length, bubble velocity, bubble frequency, and specific interfacial area) without
liquid and solid phase holdups and distribution. The second approach is considering that
the system has three individual phases, a gas, a liquid, and an independent solid phase. This
three-phase distinction in slurry bubble column reactors is needed when the operation is at
Reynolds numbers greater than 0.3 and particle sizes greater than 150 µm, as pointed out
by Sines et al. [14]. Hence, it is essential to use the second approach to understand the
hydrodynamics of the solid particle in the slurry bubble column and quantify the solid
distribution during the operating conditions.
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Mokhtari and Chaouki [1] studied the three phase (gas, liquid, and solid) holdups
in the slurry bubble column using the optical fiber probe technique and the differential
pressure transducer. They reported the results of three phase holdups based on the precalibrated signal of the optical probe in the slurry phase (liquid-solid). The calibration
curve of the probe at low solids loading was established in a stirred tank which showed that
the voltage as output from the optical probe was constant at the high impeller speed. The
experiments were conducted with fine glass beads as the solid phase at solids loadings of
1% and 3% (volume solid/volume slurry) in SBCR with a diameter of 29.2 cm and a height
of 270 cm. The local measurements were in the center of the column at different levels
using a wide range of superficial gas velocities (0-22 cm/s). The authors reported that
increasing the superficial gas velocity increased the local solid concentration while
maintaining an independent solid particle distribution in the heterogeneous flow regime.
However, the high solids concentration leads to ununiform solid phase distribution radially
and along the reactor height, and this approach cannot be applied [21].
In the present study, we developed a new hybrid technique by pairing two different
measurement techniques, gamma-ray densitometry (GRD) and optical fiber probe (OFP),
in a hybrid modality to measure the line-averaged gas, liquid, and solid phase holdups in
SBCR at three different superficial gas velocities (0.2, 0.3, and 0.4 cm/s). The in-house
developed OFP was employed to measure the local gas holdup at different points in the
cross-section of the column, which is integrated with the GRD technique measurement to
identify the line-averaged of the three phase holdups diameter profile. The new dual
modality technique was implemented with two different directions 90 degrees apart to
explain the three phases’ distribution under different operating conditions. Additionally,
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this technique overcomes the shortcomings in the literature and the technique provided by
Mokhtari and Chaouki [1].

2. EXPERIMENTAL WORK

2.1. SLURRY BUBBLE COLUMN REACTOR (SBCR) SET-UP
In this work, the experimental set-up consisted of a Plexiglas column with an inner
diameter (ID) of 5.5 in (0.14 m) and a height of 72 in (1.83 m). Figure 1 shows a schematic
diagram of the slurry bubble column (SBCR) experiment. Oil-free compressed air was used
as the gas phase, while the liquid phase was purified water, and the solid phase was fine
glass beads. This solid phase was non-porous glass beads particles with an average
diameter of 350 µm. Our lab facility supplied the compressed air using an industrial-scale
air compressor, which could provide compressed airflow up to 0.35 m3/s and working
pressure up to 1375 kPa. The compressed air was passed through different filtering layers
and regulator pressure before the calibrated flowmeters. The air was supplied into the
system from the bottom of the column through a perforated plate distribution with 121
holes of 1.016 mm in diameter with an open area of 1.09%, as previously reported by Sultan
et al. [10,22]. The tested superficial gas inlet velocities covered a wide range (0.2, 0.3, and
0.4 m/s) to conduct the experiments in different flow regimes. SBCR was operated in batch
mode with respect to the slurry and the averaged dynamic level was kept constant at 1.55
m above the perforated plate during the operation. The experiments were conducted at
ambient temperature and atmospheric pressure using three solids loading (9.1 %, 18%, and
25 % by volume) as solid-slurry volume fractions to mimic the industrial reactor’s high
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solid loading [5,23]. Three different axial levels were used for the measurements above the
gas distributor, as shown in Table 1. At each level, seven lines of measurements passed
through the column in two different directions to demonstrate the developed hybrid
technique’s measurement and examine the line-averaged holdup of the three phases, as
discussed in the following section.

Figure 1. Details of the experimental set-up of the SBCR.
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Table 1. Axial levels for the experimental measurements in the slurry bubble column.
Level

Aspect ratio

L1

H1/D = 1.3

L2

H2/D = 3.5

L3

H3/D = 5.7

2.2. GAMMA-RAY DENSITOMETR(GRD) TECHNIQUE
GRD technique is one of the non-invasive radioactive techniques in-house
developed at the Multiphase Flow and Reactors Engineering, and Education Laboratory
(mFReel) of the Missouri University of Science and Technology. It consists of a collimated
gamma-ray source Cs-137 (initial activity 250 mCi) and a collimated Sodium Iodide
NaI(Tl) scintillation (2 × 2 inch) detector aligned in front of the source. A block of lead
with a 1 mm hole is used to collimate the detector in order to enhance the accuracy of the
measurement by avoiding a large amount of scattering. The NaI(Tl) detector is connected
to a computer to record the spectrum counts at different operating conditions, as shown in
Figure 1. Due to the high-energy waves of the gamma-ray that can penetrate the dense
materials [24], this technique can measure line-averaged phase holdup, phase
maldistribution, and identify the flow regimes [25,26]. Both the gamma-ray source and the
detector can be moved vertically and horizontally using stepping motors. These motors are
compatible with stepper drives that optimize torque and speed performance while
providing smooth and accurate motion. Therefore, the whole structure can be rotated
around the objects as reduced tomography technique. During the experiments, the gamma-
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ray emitted by the radioactive source passes through the reactor to the NaI(Tl) detector.
The GRD scan measurements were performed at seven dimensionless radial positions (r/R
= -0.73, -0.48, -0.24, 0, 0.24, 0.48, and 0.73) with two different directions (X and Y) with
90 degree apart at each level, as shown in Figure 2.

Figure 2. Schematic of the GRD projection locations with two orientations (X and Y)
including 45 coordinates of the OFP measurement points.

2.3. OPTICAL FIBER PROBE (OFP) TECHNIQUE
The OFP is a non-radioactive technique developed and manufactured in our
laboratory [22,27]. The probe consists of four quartz glass optical fibers with a 0.2 mm
diameter located in a steel pipe of 3 mm outside diameter. The probe was designed using
three optical fibers distributed in an equilateral triangle arrangement. The fourth optical
fiber was inserted in the center of the triangle about 2 mm longer than the other tips
[4,27,28]. These four optical fibers were connected to the light source and data acquisition
system. The main concept of this technique is based on the light reflection at the tips of the
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fiber in different environments. There is a clear difference in the light reflection between
gas-liquid phases compared with the liquid-solid phases because of the difference in the
refractive index of these phases [1], as shown in Figure 3. The four optical fibers are
connected to the data acquisition system, which converts the amount of light to voltage
signals to distinguish between the phases. During the measurements, the output voltage
remains constant when the probe's tip is inside the slurry phase. However, when the probe's
tip is inside a bubble, the amount of reflected light changes significantly. After the bubble
passes the tip, a peak in the output voltage can be observed and returned to its original
value in the slurry phase [29,30]. The difference between the time sampling of the signal
can be used to measure the hydrodynamic parameters of the system during the experiments,
such as the local gas holdup, bubble pass frequency, axial bubble velocity, the bubble chord
lengths that are characteristic of the bubble sizes and the specific interfacial area.
In this study, the OFP technique was utilized to measure the local gas holdup at 45
points covering the cross-sectional area of SBCR (the cross-points of the lines of passing
the gamma-ray of the GRD) as shown in Figure 2. The OFP was inserted vertically from
the top of the bubble column to provide positioning flexibility and minimize the probe’s
effect on the hydrodynamic properties. Two 3-D printed supports were used to specify the
precise coordinates of the probe at each level during the measurements, as shown in Figure
1. The sampling rate was 20000 Hz within 100 seconds for each coordinate and the same
three levels of the GRD technique measurements.
The local gas holdup 𝜀𝑔 can be calculated assuming an ergodic hypothesis,
considering the ratio of the total time ∑ 𝑇𝑔 spent by bubbles (gas phase) by the center tip
of the probe to the total time sampling (∆𝑇), as shown below:
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𝜀𝑔 =

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝑏𝑢𝑏𝑏𝑙𝑒𝑠 𝑏𝑦 𝑝𝑟𝑜𝑏𝑒 ′ 𝑠 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑡𝑖𝑝 ∑ 𝑇𝑔
=
𝑇𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡𝑖𝑚𝑒
∆𝑇

(1)

Moreover, the other hydrodynamic parameters of the gas phase can be measured
using this technique, as reported in our papers in the literature [27,29,30].

Figure 3. Sample of row data of OFP technique showing the difference between the
values of the voltage (V) in the gas and the slurry phases.

2.4. DEMONSTRATION OF THE INTEGRATED MEASUREMENTS OF THE
HYBRID TECHNIQUE
The gamma-ray beam was transmitted from the Cs-137 sealed source through the
column to the NaI(Tl) detector during the experiments. The amount of the radiation
measured by the detectors depends on the density of the media (i.e., the apparent density
of the column at each operating condition) crossed by the gamma-ray beam. Therefore, the
attenuation  profile of the object is quantified based on Beer Lambert’s law as follows:
 I
T =
 I


−  L
=e


(2)
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where T is the transmission ratio, I is the intensity of gamma-ray transmitted across the
slurry bubble column, 𝐼° is the initial intensity of the gamma-ray, 𝜇̅ is the mass attenuation
coefficient (cm2/g), ρ is the medium density (g/cm3), and L is the path length (the column
diameter) through the medium (cm). Therefore, the previous equation can be simplified as
follows:

I 
Ai = ln    =   L
 I i
i

(3)
𝐼

where μ is the linear attenuation coefficient (cm-1), and ln ( 𝐼° ) is the summation of the
attenuation that passes through the object along the beam path. In GRD scanning of this
work, the attenuations are measured along the beam path through the center of the slurry
bubble column at different operation conditions. Thus, for the slurry bubble column of
three phases (gas-liquid-solid), the total attenuation (Agls) can be written as follow:
Agls = (  L ) g  g + (  L )l  l + (  L )s  s

(4)

Agls = Ag  g + Al  l + As  s

(5)

where  g ,  g , and  s represent the line-averaged of the gas, liquid, and solid phase
holdups, respectively. The total amount of the phase holdups is equal to 1, which can be
expressed by:

 g + l +  s = 1

(6)

Equation (5) and Equation (6) cannot be solved to obtain the three phase holdups,
as each represents an unknown. Thus, in order to obtain the three line-averaged phase
holdups without relying on an assumption of the solids distribution in the slurry phase, the
OFP technique was employed simultaneously as a hybrid modality system to provide linear
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gas phase holdup by averaging the local points along the column diameter which is the line
of the passing gamma-ray of the GRD.
Therefore, equation (5) can be written as:

s =

Agls − Al (1 − ˆg )

( As − Al )

(7)

where ˆg is the average value of the local gas holdup measured using the 4-OFP technique,
and equation 6 will then be used to obtain liquid phase holdup.

2.5. VALIDATION OF THE DEVELOPED HYBRID TECHNIQUE
The developed hybrid technique and method were validated by measuring the lineaveraged gas holdup in the bubble column (gas-liquid) using OFP and GRD individually.
Figure 4 shows the values of the local gas holdup at the axial level L3 at three different
superficial gas velocities (0.2, 0.3, and 0.4 m/s) using the OFP technique. The results show
that the gas holdup increased by increasing the superficial gas velocities, and gas mostly
accumulated at the center region of the column in comparison to the near-wall regions,
which is agreed with our previous papers [8,22,30,31].
Figure 5 shows the line-averaged gas holdups at the same level and operating
conditions using the GRD technique and the average values of the profiles shown in Figure
3, obtained by the OFP technique.
The results indicate that the values obtained using both techniques were very close
and were less than 3.41 % relative error when three repetition experiments were conducted
with data being recorded for 100 seconds each time.
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Figure 4. Local gas holdup (εg) along the diameter on L3 at different superficial gas
velocities (m/s) using OFP.

Figure 5. Line-averaged gas holdup (εg) of L3 passing through the center of the column
for two different directions using three different superficial gas velocities obtained by
both OFP and GRD.
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3. RESULTS AND DISCUSSION

3.1. OVERALL GAS HOLDUP
The overall gas holdup is one of the most important hydrodynamic parameters for
the characteristics of the bubble/slurry bubble column. It is defined as the volume fraction
of the gas phase in the dispersion of the reactor during the operation [27,32,33]. During the
experiments, the averaged dynamic level was kept constant at 1.55 m above the perforated
plate. The static levels were modified based on the solids loading and the superficial gas
velocities. Figure 6 illustrates the values of the overall gas holdup in the SBCR at different
superficial gas velocities. The results show the effect of the superficial gas velocities and
the solids loading on the overall gas holdup. The overall gas holdup increases by increasing
the superficial gas velocities, while the solid loading reduces the overall gas holdup
because of large bubbles during the experiments. These findings are consistent with the
literature [19]. Hence, increasing the solid phase increases the coalescence of the bubbles
and increases the bubble rise frequency that affecting the lowering of the overall gas
holdup. In order to evaluate the overall gas holdup on the SBCR with the local values
obtained by the OFP measurement technique, the averaged values of 135 local values (45
cross-sectional × 3 levels) at each condition were plotted as shown in Figure 6-b. In
general, the magnitudes of the overall gas holdup are slightly less than the values of the
average gas holdup using the OFP, especially at the higher superficial gas velocity (0.4
m/s) by 5.2 %. However, at the lower superficial gas velocity (0.2 m/s), the values decrease
by around 8.1 %. Hence, the OFP results for the average gas holdup showed good
consistency with the overall gas holdup at different solid loading.
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a-

bFigure 6. a- Overall gas holdup on the SBCR with different solids loading, b- averaging
all values of the gas holdup obtained by the OFP coordinates at three different levels on
the SBCR.

3.2. EFFECT OF THE SOLID LOADING ON THE THREE PHASES HOLDUPS
As mentioned earlier, there are two different directions (X and Y) 90-degree apart
of measurement that can help evaluate the distribution of the three phases in the SBCR
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during the operation. Figures 7-9 show the line-averaged profile of the gas, liquid, and solid
phase holdups with two directions (X and Y) at different superficial gas velocities (0.2, 0.3,
and 0.4 m/s). The results were conducted at the highest level of the measurement (L3),
representing the fully developed flow region. The line-averaged phase holdups were
examined at different solid loading (0%, 9.1%, 18%, and 25% by volume).
Figure 7 shows the effect of the solid loading on the line-averaged profile of gas,
liquid, and solid phase holdups at superficial gas velocity 0.2 m/s. The results show the
line-averaged profile of the gas holdup was slightly decreased by increasing the solid
loading, as reported in the literature [1,19,23,34]. The decrease in the line-averaged gas
holdup is due to the increased bubble velocities when solid loading increases [34]. The
line-averaged profile of the liquid holdup is significantly decreased by increasing the solid
loading compared to the line-averaged of the gas holdup.
However, the line-averaged profile solid holdup is increased due to an increase in
the solid loading at the same superficial gas velocity. Worth noting is that the insignificant
difference in the line-averaged profile gas holdup at different directions (X and Y) indicates
that the gas phase was more uniformly distributed radially at the fully developed flow
region.
Nevertheless, the line-averaged liquid and solid holdups on Y-direction decreased
by 4.2% compared to X-direction at r/R larger than 0.4 due to the flow circulation around
the reflection zones, as shown in Figure 7-c and d.
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a-

bFigure 7. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.2 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading.
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c-

dFigure 7. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.2 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading (cont.).

The line-averaged profile of liquid holdup decreases by increasing the superficial
gas velocity. In contrast, the line-averaged profile of solid increases following the trend of
line-averaged profile of gas holdup [5,14,20,27,35], as shown in Figures 8 and 9.
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Furthermore, both lines averaged profiles of the liquid and solid phase holdups are
approaching each other by increasing the superficial gas velocity due to increasing the
uniformity by increasing the gas velocity. In Figure 9, the line-averaged profile of the solid
holdup increased by 20.5 % by increasing the solid loading from 9.1% to 25% at the
superficial gas velocity 0.4 m/s.

3.3. AXIAL SOLID PHASE DISTRIBUTION
This study aims to identify the line-averaged profile of the solid phase holdup in
the slurry bubble column at different operating conditions. Figures 10-12 show the lineaveraged profiles of the gas, liquid, and solid holdups for 25% solids loading at different
heights (L1, L2, and L3) with two different orientations. The results show that the lineaveraged solid holdup on the lower zone is always higher than the other levels. This
behavior is because the gas bubbles generated larger at the top of the column compared to
the bottom. During the rising up, the bubbles interacted with the liquid phase and the solid
particles to break the bobble and make it smaller and faster. This finding is in agreement
with the other studies [1,21]. In this way, the higher density of the solid, compared with
the gas-liquid phases, leads to concentration the solids in the bottom of the column,
especially at high solids loading. The line-averaged solid holdup on L3 at the center of the
column decreased compared to L1 by 45.7 %, 43.6%, and 41.7 % using superficial gas
velocity 0.2, 0.3, and 0.4 m/s, respectively. At the low superficial gas velocity (0.2 m/s),
the line-averaged solid holdup was higher than the line-averaged gas and liquid holdups.
A slight discrepancy can be seen on L1 in the line-averaged solid holdup at r/R= -0.2 for
both scan directions, as shown in Figure 10-a. The most likely explanation for this
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discrepancy is the action of the solids, which tend to move closer to the wall and push the
gas toward the column’s center.

a-

bFigure 8. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.3 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading.
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c-

dFigure 8. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.3 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading (cont.).

Figure 12 shows obviously that the solid distribution was not uniform along the
column height for 25% solid loading at superficial gas velocity 0.4 m/s. These findings
clearly indicated that up to 0.4 m/s superficial gas velocity that the slurry in the SBCR
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cannot be considered single phase or pseudo two phase flow system and uniform slurry for
25% solid loading. Therefore, these results are very important to understanding the solid
phase behavior in the SBCR, as reported by Mokhtari and Chaouki (2019) [1].

a-

bFigure 9. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.4 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading.
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c-

dFigure 9. Line-averaged of gas, liquid, and solid phase holdups profile on level L3 with
two directions (X and Y) at superficial gas velocity 0.4 m/s, a- 0% solid loading, b- 9.1 %
solid loading, c- 18% solid loading, d- 25% solid loading (cont.).

Furthermore, these results are insightful for developing Computational Fluid
Dynamics (CFD) models, as they indicate that modeling the SBCR applying a two-phase
approach where the slurry phase is treated as a single pseudo-phase, such as Euler-2-Phase
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(E2P) models, is an oversimplification. Despite recent advances reported in the literature
[36–38], further research efforts in the development and validation of the three phase
models for slurry bubble columns are needed.

a-

bFigure 10. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.2 m/s, a- level L1, blevel L2, c- level L3.
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cFigure 10. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.2 m/s, a- level L1, blevel L2, c- level L3 (cont.).

aFigure 11. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.3 m/s, a- level L1, blevel L2, c- level L3.
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b-

cFigure 11. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.3 m/s, a- level L1, blevel L2, c- level L3 (cont.).

Figure 13 shows the comparison between the line-averaged solid and liquid holdups
in the centerline of the SBCR with the X-Direction. Generally, the line-averaged solid
holdup magnitudes are always higher in the lower level L1 than the other two. However,
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the line-averaged of the liquid holdup values increased along the column height. It can be
observed from these results, that the effect of the solid loading and superficial gas velocity
has a significant effect on the solid and liquid holdups compared to the gas holdup.

a-

bFigure 12. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.4 m/s, a- level L1, blevel L2, c- level L3.
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cFigure 12. Line-averaged of gas, liquid, and solid phase holdups profile using 25 % solid
loading with two directions (X and Y) at superficial gas velocity 0.4 m/s, a- level L1, blevel L2, c- level L3 (cont.).

a- solid holdup (9.1 % solid loading)
Figure 13. Comparison between the line-averaged of the solid and liquid phase holdups at
the centerline of the SBCR at X-direction using different solid loading and at three
different heights (L1, L2, and L3).
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b- liquid holdup (9.1 % solid loading)

c- solid holdup (18 % solid loading)
Figure 13. Comparison between the line-averaged of the solid and liquid phase holdups at
the centerline of the SBCR at X-direction using different solid loading and at three
different heights (L1, L2, and L3) (cont.).
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d- liquid holdup (18 % solid loading)

e- solid holdup (25 % solid loading)
Figure 13. Comparison between the line-averaged of the solid and liquid phase holdups at
the centerline of the SBCR at X-direction using different solid loading and at three
different heights (L1, L2, and L3) (cont.).
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f- liquid holdup (25 % solid loading)
Figure 13. Comparison between the line-averaged of the solid and liquid phase holdups at
the centerline of the SBCR at X-direction using different solid loading and at three
different heights (L1, L2, and L3) (cont.).

aFigure 14. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 9.1 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 cm/s, b- 0.3 cm/s, c- 0.4 cm/s.
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b-

cFigure 14. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 9.1 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 m/s, b- 0.3 m/s, c- 0.4 m/s (cont.).

Figures 14-16 show the comparison of the line-averaged solid holdup at three
different radial positions (r/R = 0.73, 0, and 0.73) within various measurement levels (L1,
L2, and L3) using a range of solid loading 9.1%, 18% and 25% in SBCR with the X-
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Direction. The results are not uniform for solid holdup along the height of SBCR,
especially for the higher solid loading 25%. On the other hand, the solid holdup values at
r/R = - 0.73 and 0.73 for the same levels and solid loading were not symmetric.

a-

bFigure 15. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 18 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 cm/s, b- 0.3 cm/s, c- 0.4 cm/s.
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cFigure 15. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 18 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 cm/s, b- 0.3 cm/s, c- 0.4 cm/s (cont.)

aFigure 16. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 25 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 cm/s, b- 0.3 cm/s, c- 0.4 cm/s.
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b-

cFigure 16. Comparison between the line-averaged of the solid holdup in SBCR with Xdirection using 25 % solid loading and at three different heights (L1, L2, and L3) using
different superficial gas velocities, a- 0.2 cm/s, b- 0.3 cm/s, c- 0.4 cm/s (cont.).

Thus, it is not reliable to use a two-phase approach in which the slurry phase is
treated as a single pseudo-phase for both the experimental measurements and the CFD
models.
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4. REMARKS

In this study, the new hybrid measurement technique is presented for the first time
to identify the line-averaged phase holdups in the slurry bubble column reactor. The
gamma-ray densitometry (GRD) technique was combined with the optical fiber probe
(OFP) to determine the diameter profile of three phase line-averaged holdups at three
different levels. The main remarks of this work can be listed as follows:
(1) An air-water system was used to validate the hybrid measurement technique by
estimating the gas holdup in the bubble column using each technique individually.
The result shows the values of the gas holdup were very closed for both
measurement techniques.
(2) The line-averaged profile of the gas, liquid, and solid holdups were almost
uniformly compared to both directions (X and Y) in the center of the column at
different conditions. However, there were slightly different in the liquid and solid
phase holdups near the wall at superficial gas velocity 0.3 and 0.4 m/s.
(3) The line-averaged solid holdup increases by increasing the superficial gas velocity
due to the momentum of the gas phase to float the solid phase to the top of the
reactor.
(4) The solid phase in the slurry bubble column is not homogeneous along with the
column height at the same superficial gas velocity and solid loading. Therefore, the
line-averaged solid holdup is decreased by increasing the measurement level in
SBCR.
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(5) The results can be used to effectively and reliably validate CFD’s models to predict
three-phase hydrodynamics in SBCRs with a wide range of solid loading and
extrapolated to various industrial conditions.
Due to the important information reported in this work, further studies to gain
insight into the local phase holdups in the slurry bubble column with and without dense
internals using the gamma-ray computed tomography (CT) with OFP techniques are in
progress in our laboratory.
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ABSTRACT

Aggregate segregation is one of the key defects that impair the performance of
concrete at fresh and hardened stages. This study aims to assess the feasibility of using an
advanced technique to identify/scan/determine the aggregate segregation of concrete
elements and determine radiation shielding properties of the concrete. The gamma-ray
computed

tomography

(γ-CT)

technique

was

employed

to

study

aggregate

distribution/dispersion in self-consolidating concrete (SCC). Accordingly, two SCC
mixtures with moderate segregation (MS) and high segregation (HS) levels were cast and
compared with highly stable SCC with no segregation (NS). The γ-CT scans were located
on three different levels of concrete specimens located at the top-level (L1), middle-level
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(L2), and bottom-level (L3). A Cs-137 (660 keV emission) was used as a gamma-ray source
to measure the linear attenuation coefficient per unit chord length at each level. Alternating
minimization (AM) algorithm was utilized for cross-sectional image reconstruction based
on the attenuation coefficient of the material density and the elements atomic number that
represent the materials. A phantom of three Plexiglas layers was used to pre-validate the
technique’s ability to identify aggregate locations. Moreover, the γ-CT scans of the
concrete samples were compared with selected sections using the image processing
method. The findings confirmed that the γ-CT technique can determine the level of
segregation in the investigated samples. Further, it has been found that the presence of the
aggregate enhanced the radiation shielding properties by up to ~25%. The linear
attenuation values were used to quantify the aggregate distribution of the concrete samples.
Highlights:
-

The gamma-ray has high energy that can pass entirely through dense material such
as concrete specimens, and it can be used to evaluate in-situ segregation in concrete.

-

The aggregate distribution in concrete affects the linear attenuation of the gammaray.

-

The gamma-ray technique can be applied to evaluate the gamma ray shielding
properties of concrete in nuclear applications.

Keywords: Gamma-ray CT, Aggregate distribution, Shielding properties, Linear
attenuation coefficient, Segregation.
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1. INTRODUCTION

Concrete is a composite material containing of hardened cement paste and
aggregates. Typically, the aggregates occupy about 60% of the volume of the concrete. In
addition, concrete is often used to shield materials against radiation in nuclear containment
structures, such as nuclear power stations and nuclear research facilities, and medical
facilities [1,2]. Concrete is a cost-effective and engineered cementitious material that is
easy to cast and has low maintenance characteristics. It has superior radiation shielding
properties because of its high density and high strength [1]. Many studies have investigated
the effects of different types of aggregates [2,3], fibers [4], water-to-binder ratio (w/b) [5],
use of heavy metals [6–9], and density and impermeability [10] [11] on the properties of
the radiation shielding of concrete for different applications. Rheological characteristics of
concrete (e.g., viscosity and yield stress) can cause segregation that influences the radiation
shielding performance of concrete. When the rheological properties of the concrete are not
properly controlled, segregation of coarse aggregate can occur given the large density of
segregate to the suspending matrix causing bleeding of water and formation of highly
porous microstructure. Such a phenomenon can ultimately reduce the effectiveness of the
structural skeleton of concrete (e.g., aggregate and bulk cement matrix) in providing an
effective radiation shielding interface that is gained by an even distribution of atomic mass
in the concrete components. The severity of the negative effect of segregation in shielding
concrete with extremely high-density aggregate (e.g., bauxite aggregate) was reported in
[12]. Therefore, it is important to adapt and control the rheology of concrete for radiation
shielding purposes. Optimized mixture designs and aggregate gradation [13], use of
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chemical admixtures [13,14], and shear rate values [15] have been used to optimize the
rheology of concrete composites for shielding properties. Also, simple and easy testing
procedures (e.g., slump test), as well as more complicated equipment (e.g., rheometers),
have been employed to assess the rheology of concrete at the fresh state to secure the
optimum shielding performance [16,17]. However, there is a big challenge to apply nondestructive testing (NDT) techniques to in-situ monitor the even distribution of aggregates
and other solid components of concrete that can affect the shielding performance of
concrete members, especially those prepared with heavy aggregates and reinforcing steel
bars. The NDT techniques can be used to monitor concrete defects, such as cracking,
inhomogeneous aggregate distribution, corrosion of the reinforced bars, and fire damage
of concrete members. Such NDT techniques include X-ray computed tomography (CT)
[18,19], Electrical Capacitance Tomography (ECT) [20], and ultrasonic pulse velocity
[21][22]. Nevertheless, most NDT techniques can provide data for the small-sized samples
or are more efficient in monitoring defects for layers at the surrounding area of the concrete
surface [23]. For example, X-ray computed tomography (CT) is one of the widely used
NDT techniques developed for medical imaging since the early 1970s [24]. In this
technique, the image reconstruction process can provide real-time images with high
resolution [18,24–26]. The cone beam of X-ray projections can create a 3D image of the
sample instinctually. However, the X-ray CT can only be efficient in evaluating in-situ
properties of samples of limited depths (e.g., specimens up to 100 mm in diameter) of dense
materials, such as concrete. Additionally, X-ray microtomography was used as a
nondestructive technique to scan different concrete specimens to visualize the
characterizing damage [27], conduct on concrete samples made with slag-based cement
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[28], and conduct microstructure analysis for different concrete applications [29]. The Xray microtomography was shown to provide high-resolution image for limited size of
concrete up to 30 mm in diameter. Therefore, this technique can be applied for the small
concrete specimens or for segmented samples from concrete structure [30]. On the other
hand, the ECT technique has been used to identify the inclusion of concrete elements, such
as the location of reinforced bars. The ECT technique consists of multiple electrodes and
sensors that can be located around the sample [20]. Due to the limitation of image
resolution, the ECT technique can provide a fast evaluation of structural elements for
relatively small concrete samples with poor special resolution. Therefore, it is hard to apply
this technique to large-scale concrete components.
The gamma-ray computed tomography technique has been utilized to provide
different important parameters in industrial applications, such as multiphase chemical and
biochemical reactors. It can measure the time-averaged cross-sectional phase distribution
along the height of reactors. Moreover, the results can be processed to calculate the radial
and diameter profiles of the phases of the multiphase reactors during different operating
conditions. Owing to the high energy of the gamma-ray photons (greater than 100 KeV), it
can penetrate relatively dense materials and large thicknesses. The gamma-ray technique
can be used to identify concrete structures such as the location of aggregates and reinforced
bars in relatively large concrete specimens [31]. Thus, the capabilities of gamma-ray can
make the γ-CT technique a potentially in-situ tool for assessment of concrete quality and
its effect on radiation shielding properties [17,32,33]. Furthermore, The image
reconstruction process for concrete samples requires a long scan duration with less
resolution than the X-ray CT technique [34] unless high energy radioisotopes and small
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detectors collimators are used to enhance special resolution. Moreover, when the density
of mortar and heavy aggregates are relatively close, it becomes difficult to distinguish
between them using this technique. This study proposes using our advanced gamma-ray
computed tomography (γ-CT) to investigate the aggregate distribution in concrete
specimens. The gamma-ray consists of high-energy waves that can penetrate relatively
dense materials, such as concrete [35]. It can facilitate the practical use of image
reconstruction to identify and quantify coarse aggregate distribution. The proposed
techniques were used to scan/monitor/assess the solid skeleton of self-consolidating
concrete (SCC) designed with three levels of segregation resistance. The segregation levels
included highly stable concrete with no segregation (NS) as well as concrete with moderate
segregation (MS) and high segregation (HS) levels.
The overarching aim of the study is to assess the applicability of the γ-CT, its
limitations, and the different outputs that can be achieved. The outcome/results are
validated using two conventional methods. First, pre-validation using a phantom to validate
the ability of the technique to identify coarse aggregate locations. Second, an image
processing method was applied to the selected samples at different scan levels. This method
was utilized to saw-cut the sample at the same γ-CT scan levels and then compare the
results using conventional image processing tools.
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2. EXPERIMENTAL METHODS

2.1. MIXTURE DESIGN AND SAMPLE PREPARATION
In this work, SCC was selected to assess the feasibility of using an γ-CT technique
to identify/scan/determine aggregate segregation and to evaluate the effect of segregation
on the radiation shielding properties of the concrete. Three mixtures were prepared with
different stability levels, including no segregation (NS, VSI = 0), moderate segregation
(MS, VSI =2), and high segregation (HS, VSI = 3). The binder materials used in this work
include Type I/II Portland cement and a Class C fly ash.
The chemical composition of the binder and physical properties of the cement are
shown in Tables 1 and 2, respectively. A crushed limestone coarse aggregate with a
nominal maximum size of 9.5 mm and density of 2680 kg/m3 was employed. The fine
aggregate was river-sand with fineness modulus and density of 2.7 and 2610 kg/m3,
respectively.
Figure 1 shows the particle size distribution of the coarse and fine aggregates.

Table 1. Chemical composition and physical properties of cement and class F fly ash (%).
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2Oeq

f-CaO

R2O

Loss on ignition

Cement

20.76

4.58

3.27

62.13

3.13

2.80

0.57

0.76

-

1.86

Fly ash

54.29

32.55

5.53

1.34

2.56

-

-

-

0.19

3.19
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Table 2. Physical properties of Portland cement.
Density

Specific surface

(g/cm3)

area (m2/kg)

3.15

348

Compressive

Flexural strength

strength (MPa)

(MPa)

Setting time (min)

Initial

Final

3d

28d

3d

28d

152

212

28.6

51.2

5.6

8.6

Cumulative passing (%)

9.5 mm

100
90
80
70
60
50
40
30
20
10
0
0.01

0.1

1
Seive size (mm)

Sand

10

100

Figure 1. Particle size distribution of coarse and fine aggregates.

Table 3 shows the mixture proportioning of the NS, MS, and HS mixtures. The
slump flow of the NS mixture was 650 mm. The mixture proportioning of the MS and HS
mixtures was modified by increasing the dosage rate of the high-water reduction admixture
(HWRA) in the MS and HS mixtures to increase the slump flow to high levels and reduce
the stability of the mixtures. The visual stability index VSI (ASTM C 1611) for the NS,
MS, and HS were 0 (highly stable), 2 (unstable), and 3 (highly unstable), respectively. The
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samples were cast in 15 by 30 cm cylindrical molds in one layer without any consolidation.
After 24 hours, they were demolded and cured in lime-saturated water for 28 days.

Table 3. Mixture design of the index mixtures SCC.
Mixture

NS

MS

HS

Cement (kg/m3)

281

281

281

Fly ash (kg/m3)

93

93

93

Water (kg/m3)

147

147

147

Coarse aggregate (kg/m3)

919

919

919

Fine aggregate (kg/m3)

882

882

882

HWRA (L/m3)

360

600

800

2.2. TESTING PROCEDURES
2.2.1. Gamma-Ray Computed Tomography (γ-CT) Technique. Our advanced
γ-CT technique was used in this work. The technique is useful for visualizing and
quantifying phase distributions in dense composite materials [36,37]. The γ-CT has been
used in applications, such as different types of multiphase flow reactors [38–40] and
evaluating the wetting/drying of soil structure [41,42]. In this study, the feasibility of using
the γ-CT to quantify the distribution of coarse aggregate along the matrix was explored to
evaluate the degree of segregation. This technique is a non-invasive method that provides
the time averaged cross-sectional image for the objects by rotating the gamma sources and
detectors by 360 degrees. The γ-CT used was made in-house with two collimated gammaray sources (Cs-137 and Co-60) [43,44]. Each source emits the gamma radiation received
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by 15 sets of collimated NaI(Tl)scintillation detectors to scan up to 45 cm diameter of the
sample. The setup consisted of three different layers tacked together. The first plate allows
the technique to move vertically (up and down) to scan different heights of the object up
to 1.8 meters [44]. The second rotatable circular plate allows the gamma-ray sources and
their detectors to move around the object. The third layer hosting the detectors located in
front of each gamma source and allows to move separately created small angles of
projection [44], as shown in Figure 2.

Figure 2. Photo of our γ-CT technique during the concrete sample scanning.

In this work, the gamma-ray source Cs-137 was used to distinguish the phase
distribution of the aggregate in the concrete samples. The current activity of the Cs-137 is
about 190 mCi and 662 keV energy strength to penetrate the concrete samples. It was made
to provide a 39.5° gamma-ray fan-beam in the horizontal plane with 5 mm height. This
gamma-ray fan can cover a wide range of sample sizes, up to 45 cm in diameter for
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scanning. All NaI(Tl) detectors are shielded with lead collimators with 5 × 2 mm fine holes
to obtain narrow gamma-ray beams and minimize the scattered gamma-ray to achieve
better spatial resolution [45]. Both the gamma-ray source and the detectors move around
the object at 360 degrees with 197 positions during each scan. At each position, the detector
array moves 20 times in 0.13° angular steps, providing 21 positions (projections).
Therefore, the detectors connected to the data acquisition system to collect the photon
counts for each projection. The total number of projections for one scan is up to 20685
(197 views × 5 number of the detectors used × 21 projection measurements per detector)
which depends on the number of the detectors in use to cover the diameter of the object
that is being scanned and usually takes less than 7 hours to scan one level of the sample
[44].
This study aims to obtain the aggregate distribution along the height of the concrete
specimens. The experimental work consisted of providing three different levels of scanning
(L1, L2, and L3) for each specimen that measured 15 × 30 cm. The L1 position is located
2.5 cm from the top edge of the concrete sample, the L2 represents the scan at the middle
of the sample, and the L3 position is 2.5 cm from the bottom, as shown in Figure 3.

Figure 3. Schematic of scanning levels of concrete samples.
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2.2.2. Data Reconstructions and Image Processing. The main goal of γ-CT data
analysis was obtaining the phase distribution images as linear attenuation of cross-sectional
images of the aggregate distribution. The original data collected from the γ-CT scan images
were processed by alternating minimization (AM) algorithm to represent the attenuation
values of the linear attenuation cross-sectional images with 100 × 100 pixels. An AM
algorithm was used to minimize the I-divergence of two functions, which are the
exponential model of transmission photon counts and the experimental transmission
photon counts [38,46]. Therefore, the process of the count data was converted to the
attenuation values of each pixel to generate the cross-sectional image. Beer-Lambert’s law
can express the bean intensity of the gamma-ray that is transmitted through the object, as
shown below:
𝑇=

𝐼
= 𝑒 −𝜌𝜇̅𝑙
𝐼°

𝐼°
𝐴 = 𝐿𝑛 ( ) = 𝜌𝜇̅ 𝑙 = 𝜇𝑙
𝐼

(1)

(2)

where, 𝑇 is the transmission ratio, 𝐼° is the initial intensity of gamma-ray, as reference scan
without object, 𝐼 the intensity of gamma-ray passed through the object, 𝜌 the density of the
samples (g/cm3), 𝜇̅ mass attenuation coefficient (cm2/g), 𝜇 linear attenuation coefficient
(cm-1), and 𝑙 the path length of gamma-ray passes through the object (cm). The attenuation
value of each pixel is a summation of the phase attenuation values and their volume
fraction, which is given as:
𝐴(𝑥) = 𝜇𝑀 (𝑥)𝜀𝑀 (𝑥) + 𝜇𝐴 (𝑥)𝜀𝐴 (𝑥) + 𝜇𝑔 (𝑥)𝜀𝑔 (𝑥)

(3)

where 𝜇𝑀 , 𝜇𝐴 and 𝜇𝑔 represent the linear attenuation value (cm-1) of mortar, coarse
aggregate, and gas (voids), respectively, and 𝜀 represent the volume fraction for each phase

147
of each pixel. In case there is a small volume fraction of void (gas or air) (usually between
5% and 8%), then the summation of the volume fractions of the phases of the mortar,
aggregate, and air in each pixel should be equal to 1 as follows:
𝜀𝑀 + 𝜀𝐴 + 𝜀𝑔 = 1

(4)

In this case dual sources/energies and dual modality is needed even if the value of
the void (air or gas) attenuation is negligible and the terms of the void in equation (3) is
cancelled. However, in this work, the samples of the mortar, NS, MS and HS were prepared
with care of not having void (air or gas). Therefore, in this case Equations (3) and (4) for
each pixel become as follows:
𝜇𝑀−𝐴 (𝑥) = 𝜇𝑀 (𝑥)𝜀𝑀 (𝑥) + 𝜇𝐴 (𝑥)𝜀𝐴 (𝑥)

(5)

𝜀𝑀 + 𝜀𝐴 = 1

(6)

To obtain the volume fraction of aggregates in the concrete samples that consist of
both mortar and aggregate, only a mortar sample (without void) identical in size to those
of the concrete samples was prepared to be scanned to measure 𝜇𝑀 in each pixel.
Regarding 𝜇𝐴 , the value was measured using a single large aggregate to provide a
full matrix of the linear attenuation coefficient of the aggregate. Thus, the aggregate
volume fraction in each pixel can be estimated by the following equation:
𝜀𝐴 =

𝜇𝑀−𝐴 − 𝜇𝑀
𝜇𝐴 − 𝜇𝑀

(7)
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3. RESULTS AND DISCUSSION

3.1. PRE-VALIDATION USING A PHANTOM- COARSE AGGREGATE
DISTRIBUTION
To validate the capability of the γ-CT scan on locating the coarse aggregate
distribution in the concrete samples, the validation experiments were carried out with the
aid of a pre-designed synthetic phantom with 15 cm outside diameter. The phantom was
made of three Plexiglas layers, consisting of an inside layer (0.325 cm in thickness), a
middle layer (0.55 cm in thickness), and an outside layer (0.65 cm in thickness). The
phantom was partly loaded with coarse aggregate (minimum size of 1 cm) in the half top
outside layer and one single aggregate in the inside layer, as shown in Figure 4-a. This step
was implemented to examine the γ-CT technique capability to identify the position of
coarse aggregate at different layers as part of a pre-validation approach. The middle and
outside layers were filled with water to simulate the cementitious suspension in concrete
to increase the attenuation gradient for more visibility of validating results. Two cases of
phantom were scanned. The first was a reference scan (I˳), a phantom filled with the two
layers (middle and outside layers) with water. The result of the reconstruction image of the
first scan is presented in Figure 4-b. The second scan was the phantom, including the two
phases (coarse aggregate and water). The reconstruction image, Figure 4-c, shows the red
zones on the outside layer of the phantom, representing higher values of the attenuations
for the existence of aggregate. As seen, the high-value attenuations in Figure 4-c are in
agreement with the location of aggregates in the real phantom (Figure 4-a). The volume
fraction of the aggregate distribution was calculated based on Equation (7) and shown in
Figure 4-d. The volume fraction image can be used to indicate the aggregate pixels and
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aggregate distribution. The spectrum in the color bar represents the proportion of the
aggregates. The value of “1” means that the pixel is full of the aggregate phase, and the
value is zero compounds to an absence of aggregate. As can be seen, the pre-validation of
the γ-CT verified the viability of the testing method in locating the coarse aggregates of the
simulated material (F concrete). This proof of concept was successful given that the
separation in the density between the aggregate and water is high.

3.2. CROSS-SECTIONAL IMAGE AND AGGREGATE DISTRIBUTION
Figures 5-7 show the linear attenuation coefficient of the cross-sectional image and
aggregate distribution of SCC samples (NS, MS, and HS). The time averaged crosssectional images are taken from three layers (top, middle, and bottom), as shown in Figure
3, to determine the variation in the aggregate distribution of samples with three segregation
levels. The linear attenuation coefficients of the cross-sectional images were reconstructed
and processed from data obtained through γ-CT scans based on the difference in the
attenuation of the materials. The attenuation gradient is originated from the difference in
the density of the aggregates and the bulk concrete paste matrix. These characteristics were
used to locate the aggregates within the matrix and validate the segregation level. Figure 5
shows the linear attenuation coefficient of the cross-sectional image and aggregate
distribution of the NS sample based on the linear attenuation coefficient and volume
fraction of the aggregate distribution for three different levels. For NS samples, the mixture
design was adjusted to avoid any segregation. Hence, it is expected to obtain an identical
distribution of aggregates along the height of the sample.
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a- Real image of the phantom

b- Linear attenuation coefficient of the cross-sectional image (CSI) of the phantom filled
with water (no aggregate)
Figure 4. Photo of phantom and different results of image processing of γ-CT.
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c- Linear attenuation coefficient of the cross-sectional image (CSI) of the phantom filled
with water with known positions of aggregate

d- Phase distribution (volume fraction) of aggregate
Figure 4. Photo of phantom and different results of image processing of γ-CT (cont.).

In Figure 5- a, c, and e, the red color is an indicator of a higher linear attenuation
coefficient, which represents the existence of aggregate. The blue scale is an indicator of
the lower linear attenuation coefficient representing the bulk cement matrix. The color bar
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range used in these figures was kept constant (0.1- 0.22) for the convenience of comparison
between the images. The volume fraction of the aggregate, which represented the aggregate
distribution, was calculated using Equation (7), as shown in Figure 5- b, d, and f. The
fraction of the aggregate is demonstrated by the scale bar on the right side of the images.
The value aggregate pixels closer to 1 indicate the existence of aggregate. The
reconstructed images of three sections for the NS sample show that the aggregates are
uniformly distributed along the height (L1, L2, and L3) of the sample as the numbers of the
red pixels are similar at all levels. This shows that the NS sample did not have any
segregation (as expected). The results of the γ-CT scan based on averaging the height of
the gamma-ray fan beam (0.5 cm) based on the collimators size of the source and the
detectors. Also, the aggregate particles were not in symmetric shapes, which affected the
values of the pixels gradually between 0 to 1.
The same procedure was used for samples with moderate segregation (MS) and
highly segregation (HS) mixtures. For the MS sample, the results of the γ-CT scan revealed
a slight variation of the aggregate (red spots) within the middle (L2) and bottom (L3) crosssections, as shown in Figure 6- a, c, and e. However, the aggregate distribution in the crosssection at the top layer (L1) (Figure 5-a) shows a lack of uniform distribution of aggregates.
Hence, indicating segregation of aggregate towards the bottom of the matrix of SCC. The
aggregate accumulated at the lower levels during casting as the mixture lacked enough
viscosity (overuse of HWRA). Moreover, the volume fraction of the aggregate distribution
in L3 was more significant compared with the L2 and L1 locations, as shown in Figure 6- a,
c, and e.
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a- Linear attenuation coefficient of the cross-sectional image (CSI) of the (NS- L1)

b- Aggregate fraction distribution of the (NS- L1)
Figure 5. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of NS sample at three different levels.
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c- Linear attenuation coefficient of the cross-sectional image (CSI) of the (NS- L2)

d- Aggregate fraction distribution of the (NS- L2)
Figure 5. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of NS sample at three different levels (cont.).
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e- Linear attenuation coefficient of the cross-sectional image (CSI) of the (NS- L3)

f- Aggregate fraction distribution of the (NS- L3)
Figure 5. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of NS sample at three different levels (cont.).
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a- Linear attenuation coefficient of the cross-sectional image (CSI) of the (MS- L1)

b- Aggregate fraction distribution of the (MS- L1)
Figure 6. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of MS sample at three different levels.
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c- Linear attenuation coefficient of the cross-sectional image (CSI) of the (MS- L2)

d- Aggregate fraction distribution of the (MS- L2)
Figure 6. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of MS sample at three different levels (cont.).
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e- Linear attenuation coefficient of the cross-sectional image (CSI) of the (MS- L3)

f- Aggregate distribution of the (MS- L3)
Figure 6. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of MS sample at three different levels (cont.).

For the high segregation (HS) sample, the γ-CT (Figure 7) showed significant
variation in the distribution of aggregates along the height of the sample. A comparison
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between layer 3 and layers 1 and 2 shows that most coarse aggregates were accumulated
at the bottom of the sample with almost no aggregate at the top layer (L1). This
demonstrates that increasing the HWRA, as reported in Table 3, led to an increase in the
segregation of aggregates. This was also observed in the VSI of mixtures that were 0, 2,
and 3 for NS, MS, and HS mixtures, respectively. The results confirmed that the γ-CT or
gamma ray densitometry with single beam of γ-ray was able to track the aggregate
distribution and be used as an NDT to show the segregation of aggregates. They ultimately
can be used as an assessment of the radiation shielding properties of concrete. Furthermore,
the effect of the level of segregation on the radiation shielding properties of the samples
will be discussed in section 3.4.

a- Linear attenuation coefficient of the cross-sectional image (CSI) of the (HS- L1)
Figure 7. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of HS sample at three different levels.
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b- Aggregate fraction distribution of the (HS- L1)

c- Linear attenuation coefficient of the cross-sectional image (CSI) of the (HS- L2)
Figure 7. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of HS sample at three different levels (cont.).
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d- Aggregate fraction distribution of the (HS- L2)

e- Linear attenuation coefficient of the cross-sectional image (CSI) of the (HS- L3)
Figure 7. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of HS sample at three different levels (cont.).
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f- Aggregate fraction distribution of the (HS- L3)
Figure 7. Linear attenuation coefficient of the cross-sectional image and aggregate
fraction distribution of HS sample at three different levels (cont.).

On the other hand, the aggregate segregation index for the NS, MS, and HS samples
was calculated as the volume fraction of the coarse aggregate based on the ratio of the total
number of pixels that were occupied by the aggregate to the total number of pixels of the
cross-sectional area of the concrete specimens, as shown in Table 4.
As expected, a more uniform distribution along the height was found in the no
segregation (NS) sample. As indicated earlier, the most significant difference was in the
moderate segregation (MS) sample with a clean lag of aggregate at the upper section of the
sample.
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Table 4. Average of aggregate segregation index (volume fraction) at different levels for
each concrete sample.
CT scan level

NS

MS

HS

L1 (Top)

24%

4.7%

12.1%

L2 (Middle)

26.2%

20.4%

23.1%

L3 (Bottom)

19.9%

26.3%

30.3%

3.3. DESTRUCTIVE IMAGING ANALYSIS
To validate the results of the γ-CT, the tested concrete samples were saw-cut at the
γ-CT levels and polished for the conventional camera photo and image analysis processing.
The volume fraction was determined using the ImageJ software to differentiate the coarse
aggregate from the bulk paste based on the color difference between the aggregate and the
bulk paste. The software also uses the imagining processing tool to calculate the area of
random shapes and calculate the area fraction in terms of the total area of the aggregates
divided by the total area of the concrete specimen that represent the volume fraction of the
aggregates. Figure 8 shows the processed grayscale sections determined across the top (L1)
and bottom (L3) sections of the NS and MS specimens. The processed images of the cut
samples clearly show the distribution of coarse aggregate that is consistent with the
findings of the γ-CT technique. Figure 9 shows the comparison between the γ-CT scan
results of the aggregate volume fraction in two investigated concrete samples at two
different heights and the physical image processing carried out on saw-cut concrete
samples in 2D. The results are acceptable based on averaging the values of γ-CT within 5
mm height (based on the size of both collimators of the gamma source and the detectors).
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a- Binary image of the (MS- L1)

b- Binary image of the (MS- L3)
Figure 8. Binary images of the saw-cut of coarse aggregate distribution of MS and NS
concrete samples (MS and NS) determined using photo image processing.
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c- Binary image of the (NS- L1)

d- Binary image of the (NS- L3)
Figure 8. Binary images of the saw-cut of coarse aggregate distribution of MS and NS
concrete samples (MS and NS) determined using photo image processing (cont.).
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Figure 9. Comparison between volume fractions of the coarse aggregate in concrete
samples evaluated using γ-CT scan vs. saw-cut binary photo image processing methods.

3.4. EFFECT OF AGGREGATE SEGREGATION ON THE RADIATION
SHIELDING PROPERTIES
As mentioned earlier, the coarse aggregate or heavy aggregate is one of the
imperative components used for radiation shielding concrete. These heavy materials reduce
the penetration of gamma-ray photons through the concrete. Therefore, non-uniform
aggregate distribution can lead to create hot spots and reduce the radiation shielding
performance. In this work, the samples were examined using the γ-CT results to evaluate
the radiation shielding capacity of the mortar and concrete samples. The middle NaI (Tl)
detector of the γ-CT technique was located to receive the gamma-ray photons passing
through the center of the samples which has been taken to represent the gamma ray
densitometry (GRD) technique where its beam passing through the center. These values of
the count rates of 360-degree scanning were averaged for each sample and for each of the
three different levels and compared between them. A sample of only mortar was prepared
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and scanned for assessing the radiation shielding capacity as a reference for comparing its
results with the samples of NS, MS and HS. From Figure 10, it can be observed that the
detector received more count rates during the mortar scan at the three levels. Thus, the
mortar sample had lower shielding performance compared to the concrete samples. This is
attributable to the availability of no aggregates in the mortar that increased the count rates
received by the detector, reflecting the reduced gamma-ray attenuation of the matrix.
Figure 10 shows that incorporating the aggregate in the matrix reduced the count
rates in NS, MS, and HS mixtures. However, samples with no segregation (NS) had a more
constant count rate at different investigated layers (L1, L2, and L3). The NS sample reduced
the count rates by up to ~ 25% compared to the mortar sample at the top level (L1). The
count rate was 21% and 23.5% lower than the mortar counterpart sample at L2 and L3,
respectively. On the other hand, the count rate at L1 for MS and HS concrete samples was
20% and 15% higher than NS samples at L1. This exhibits that aggregate contents at level
1 were lower for MS and HS, leading to passages of more photon count. At lower levels
(L2 and L3), the count rates are relatively similar for all concrete samples, showing that the
concentration of aggregates at the bottom along the averaging of the lines passing through
the center over 360 degree of rotation of the samples is comparable and segregation at the
bottom gives higher attenuation than at the top with less aggregates. The analogy of results
at L1, L2, and L3 show that there was segregation for MS and HS, and the aggregate
migrated from top to the bottom of samples.
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Figure 10. Averaged count values of the middle NaI(Tl) detector of the mortar and
concrete samples at three different levels.

3.5. LINEAR ATTENUATION PER UNIT CHORD LENGTH
Many experimental studies were used a gamma-ray source with a single line and a
single detector to measure the linear attenuation by locating the source and the detector at
specific positions [3,6,47]. The results provided the line average of linear attenuation per
the thickness of the sample. Therefore, it is important to virtualize the γ-CT results using
the summation of the pixels of the γ-CT scan at different lines (vertically (V) and
horizontally (H) of the 2D cross section of the scan) per the length of these lines. The values
of the linear attenuation per chord length were calculated and quantified for each level of
concrete specimens.
Figure 11 shows the schematic of the circular segment to define the chord length.
According to the cylindrical shape of the investigated specimens, the summation of the
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linear attenuation lines of each level was divided by the chord length of the same line
(vertically (V) and horizontally (H) of the 2D cross section of the scan). The chord length
value c (cm) was calculated using Equation (8), where h (cm) is the distance between the
edge of the circle of the chord and r (cm) is the radius of the concrete samples. The (h/D)
dimensionless value represented the changing of the chord location (h) along the diameter
(D).
h

c = 8 h  r − 
2


(8)

The summation lines of the linear attenuation per chord length vertically (V, Figure
11) and horizontally (H, Figure 11) were used to examine the homogeneous distribution of
the aggregate along with the height of each concrete specimen.

Figure 11. Schematic of circular segment and chord length.
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Each plot in Figure 12 shows the summation of the lines per chord length versus
the dimensionless diameter (h/D). The y-axis scales were fixed in all the plots for
comparison. Furthermore, the x-axis ranges only between 0.1-0.9 to disregard the edge of
the specimens. The horizontal data along the diameter represents the uniformity of
aggregate distribution. The higher value of the y-axis signifies the denser zone or more
aggregate fraction. As shown, the NS sample was more uniform distribution for both
directions (vertically and horizontally), as shown in Figures 12-a, b. This can refer to the
uniform distribution of aggregates in the NS samples along both vertical and horizontal
directions. The results are in good agreement with the conventional cross-sectional photo
image analysis (Figure 8) and those scanned by γ-CT and reconstructed using AM
algorithm (Figures 5-7).

a- NS sample at V direction
Figure 12. Linear attenuation per unit chord length of concrete samples at different
directions (V and H).
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b- NS sample at H direction

c- MS sample at V direction
Figure 12. Linear attenuation per unit chord length of concrete samples at different
directions (V and H) (cont.).
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d- MS sample at H direction

e- HS sample at V direction
Figure 12. Linear attenuation per unit chord length of concrete samples at different
directions (V and H) (cont.).
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f- HS sample at H direction
Figure 12. Linear attenuation per unit chord length of concrete samples at different
directions (V and H) (cont.).

The results are not uniform for the MS and HS samples, especially for the bottom
layer (L3) along V and H directions. There is a distinct variation of linear attenuation per
unit chord length at L3 compared to those at higher levels (L1 and L2). These results can
present the effect of the aggregate distribution on the attenuation of gamma-ray through
the concrete sample as a valid indication of radiation shielding properties and hot spots on
the concrete samples. It is shown that poor distribution of aggregates along the height of
the sample can lower the attenuation at L1 and L2 locations which creates hot spots through
the radiation shielding.
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4. CONCLUDING REMARKS

In this work, for the first time, the gamma-ray computed tomography (γ-CT)
technique was successfully used to examine the coarse aggregate distribution in concrete
specimens. The non-invasive γ-CT technique provided cross-sectional images for the three
SCC cylindrical samples (NS, MS, and HS) of 15 cm diameter and 30 cm in height. The
results show that the coarse aggregate segregation was more significant in the MS and HS
concrete compared to the NS concrete. For validation, selected samples were saw-cut at
the same γ-CT scan levels using photo image processing tools to identify the coarse
aggregate distribution. The comparison between the γ-CT scan and the photo image
processing results were close enough. Moreover, the γ-CT technique can quantify the
aggregate distribution effect on the radiation shielding properties compared with the
reference sample of only mortar. In this case the middle detector of the CT was taken
representing gamma ray densitometry (GRD) where the gamma beam passes through the
center of the scanned samples. The results show that the NS sample enhanced the shielding
properties by up to ~25% assessed to the mortar sample. The results show that using linear
attenuation per chord length is a practical approach to represent the uniformity aggregate
distribution cross-sectionally and along with the height of the concrete samples that
indicated how the segregation can create hot spots through the radiation shielding for MS
and HS samples.
The findings can be transformed to real-world and practices by using gamma-ray
densitometry (GRD) (or it called Nuclear Gauge Densitometry) to be applied on-site by
having a single collimated gamma ray source that gives fine single beam of gamma-ray
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and a NaI detector in front of it (collimated or not collimated) to measure the line beam
attenuation. The GRD can be moved horizontally and vertically with changing the angular
orientation of the scan to perform reduced tomography. However, for the on-site concrete
includes more additives such steel rods or structure, steel fibers, synthetic fiber besides
mortar, aggregate and could be void. In this case, multiple sources/energies of
densitometries and/or multiple modality are needed and the same principles and findings
discussed above could be implemented.
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS
In the following part, the conclusions and the remarks can be made to summarize
the work.
3.1.1. Hydrodynamics of the Liquid Phase in the Bubble Column Reactor. This
research has developed and validated a new methodology for implementing the RPT in the
bubble column with dense internals. This experimental investigation was conducted to
study the impact of the dense internals on the hydrodynamics of the liquid phase. The
results are reliable data, for the first time, that can be used for CFD validation. The key
findings are briefly summarized in the following points:
(1) The integrated method using the MCNP simulation and the calibration data set from
RPT successfully generated a huge number of calibration points to enhance the
accuracy of the reconstruction of the radioactive particle positions, as shown in the
validation steps of the bubble column with and without dense internals. The
maximum relative error for both cases of each validation point was less than 4.2 %.
(2) The similarity algorithm can be used to reconstruct the instantaneous positions of
the radioactive particle with less computation power during a short time.
(3) The square pitch configuration generated symmetric flow patterns that can be used
to average the azimuthally the liquid velocity fields.
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(4) The dense internal rods increased the time-averaged axial liquid velocity in the
center of the column by creating channels in the bubble column. Also, liquid axial
normal stress values were decreased due to the effect of rods at the center of the
column and near the wall.
The dense internal rods increased the time-averaged axial liquid velocity in the center of
the column by creating channels in the bubble column. Also, liquid axial normal stress
values were decreased due to the effect of rods at the center of the column and near the
wall.
3.1.2. Hydrodynamics of the Solid Phase in SBCR. The RPT technique has been
utilized to investigate the solid phase motion in the pilot-scale 15.24 cm diameter slurry
bubble column reactor. The main results demonstrated the effect of the dense vertical
internals on the solid field velocity and the turbulent parameters at two different superficial
gas velocities. The main remarks are summarized below as follows:
(1) The hybrid approach of MCNP simulation and real calibration points successfully
generated a large number of calibration datasets. For the first time, this dataset was
used to reconstruct the radioactive particle’s instantaneous positions in SBCR using
a similarity algorithm, both with and without dense internals.
(2) The KDE probability density function indicates that the solid phase distribution in
the SBCR is not uniform along its height. As a result, the radioactive particle is
more likely to remain at the bottom of the column than at the top.
(3) The mean axial solid velocity increases as the superficial gas velocity increases,
due mainly to the momentum of the gas phase, which enables the solid particles to
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move quickly, thereby increasing the axial velocity. Additionally, the radial and
azimuthal velocities are insignificant compared to the solid phase’s axial velocity.
(4) The SBCR’s dense internals increase the axial mean solids velocity while
maintaining the superficial gas velocity. Thus, the internals formed multiple
channels, forcing the solid particles to flow axially and reducing radial and
azimuthal motions. Also, the dense internals increased the range of the local solid
axial velocity radial profiles along the column height in SBCR compared to without
internals.
(5) By increasing the SBCR’s velocity fluctuations under the same operating
conditions, vertical internals affect normal and shear stresses. However, the
fluctuations become less pronounced near the wall due to the wall effect, which
reduces the normal and shear stresses. Additionally, increasing the superficial gas
velocity and inserting the vertical internal into the SBCR increases the solid phase’s
turbulent kinetic energy (TKE).
3.1.3. Three-Phase Holdup Distribution in SBCR. The new hybrid measurement
technique is presented for the first time to identify the line-averaged phase holdups in the
slurry bubble column reactor. The gamma-ray densitometry (GRD) technique was
combined with the optical fiber probe (OFP) to determine the diameter profile of three
phase line-averaged holdups at three different levels. The main remarks of this work can
be listed as follows:
(1) An air-water system was used to validate the hybrid measurement technique by
estimating the gas holdup in the bubble column using each technique individually.
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The result shows the values of the gas holdup were very closed for both
measurement techniques.
(2) The line-averaged profile of the gas, liquid, and solid holdups were almost
uniformly compared to both directions (X and Y) in the center of the column at
different conditions. However, there were slightly different in the liquid and solid
phase holdups near the wall at superficial gas velocity 0.3 and 0.4 m/s.
(3) The line-averaged solid holdup increases by increasing the superficial gas velocity
due to the momentum of the gas phase to float the solid phase to the top of the
reactor.
(4) The solid phase in the slurry bubble column is not homogeneous along with the
column height at the same superficial gas velocity and solid loading. Therefore, the
line-averaged solid holdup is decreased by increasing the measurement level in
SBCR.
(5) The results can be used to effectively and reliably validate CFD’s models to predict
three-phase hydrodynamics in SBCRs with a wide range of solid loading and
extrapolated to various industrial conditions
3.1.4. Aggregate Distribution. The gamma-ray computed tomography (γ-CT)
technique was successfully used to examine the coarse aggregate distribution in concrete
specimens. The non-invasive γ-CT technique provided cross-sectional images for the three
SCC cylindrical samples (NS, MS, and HS) of 15 cm in diameter and 30 cm in height. The
results show that the coarse aggregate segregation was more significant in the MS and HS
concrete compared to the NS concrete. The comparison between the γ-CT scan and the
photo image processing results were close enough. Furthermore, the γ-CT technique can
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quantify the aggregate distribution effect on the radiation shielding properties compared
with the reference sample of only mortar. In this case, the middle detector of the CT was
taken representing gamma-ray densitometry (GRD), where the gamma beam passes
through the center of the scanned samples. The results show that using linear attenuation
per cord length is a practical approach to represent the uniformity aggregate distribution
cross-sectionally and along with the height of the concrete samples that indicated how the
segregation can create hot spots through the radiation shielding for MS and HS samples.

3.2. RECOMMENDATIONS
(1) Examining the influence of the size of different type of solid particles such as
Co/TiO2 industrial catalyst on the hydrodynamic parameters of the slurry bubble
column.
(2) Investigating the hydrodynamic parameters of the bubble/slurry bubble columns
with and without dense internal heat exchanger tubes operating for large size bubble
columns 45 cm diameter using the RPT technique with the Monte Carlo N-Particle
(MCNP) simulation.
(3) Using the RPT technique to evaluate and validate the scale-up methodology in the
SBCR by measuring the hydrodynamic parameters such as solid phase velocity,
normal and shear stresses, and the turbulent kinetic energy, based on matching
dimensionless groups.
(4) Studying the hydrodynamic parameters of the bubble/slurry bubble column reactor
using the non-Newtonian liquid phase, including the dense internals' impact by
using the RPT technique.
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(5) Simulating the SBCR with and without the internal rods using the computational
fluid dynamics (CFD) models and using the experimental results to validate it. The
CFD models can help later to predict the hydrodynamics of the bubble/slurry
bubble column reactors under different operating conditions.
(6) Visualizing and quantifying the local three phase holdups distributions and their
profiles in SBCR with and without vertical internals by using gamma-ray
densitometry (GRD) technique as a reduced tomography integrated with the optical
fiber probes (OFP).
(7) Enhancing the resolution of the gamma-ray computed tomography (γ-CT)
technique reconstruction image by reducing the collimators’ size of both the
gamma-ray source and the detectors. Hence, improving the AM algorithm by
increasing the weighted matrix can increase the number of pixels of the image of
the linear attenuation coefficient.
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